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ABSTRACT 
 
Erosive wear of engineering components caused by abrasive particles is a major 
industrial problem. Polymer composites are often used as engineering/ structural 
components where erosive wear occurs. Due to the operational requirements in 
dusty environments, the study of solid particle erosion characteristics of the 
polymeric composites becomes highly relevant. But, even today, the effect of fiber 
reinforcement and ceramic particulate filling on erosion characteristics of polyester 
composites has remained a much less studied area. Research in this respect is 
needed particularly with the inclusion of ceramic fillers both in view of the scientific 
and commercial importance.  Moreover, a full understanding of the effects of all 
system variables on the wear rate is necessary in order to undertake appropriate 
steps in the design of machine or structural component and in the choice of materials 
to reduce/control wear. 
 
The research reported in this thesis consists of two parts: The first part has provided 
the descriptions of the experimental program and has presented the mechanical 
characteristics of the hybrid composites under this study; the second part has 
reported the effect of different ceramic fillers on the solid particle erosion 
characteristics of glass-polyester composites. Two industrial wastes (flyash and 
cement by-pass dust) rich in metal oxides and two conventional ceramic powders 
(Al2O3 and SiC) have been used as the filler materials. The unfilled glass polyester 
composite has a strength of 349.6 MPa in tension and that this value drops to 304.5 
MPa and 279.4 MPa with addition of 10 wt% and 20 wt% of flyash respectively. 
Among the four fillers taken in this study, the inclusion of alumina causes maximum 
reduction in the composite strength. 
 
A theoretical model for the estimation of erosion wear rate based on the assumption 
that the kinetic energy of the erodent is utilized to cause micro-indentation leading to 
material loss has been developed. Then, a series of erosion experiments are 
conducted using an air jet type test rig on these composites under various test 
conditions. For this purpose, an experiment schedule is prepared following design of 
ix 
experiments approach using Taguchi’s orthogonal arrays in order to reduce the 
number of experiments without sacrificing the information to be extracted.  
 
The analytical and experimental investigation suggests that successful fabrication of 
multi-component hybrid glass-polyester composites with reinforcement of ceramic 
fillers is possible. Incorporation of fillers modifies the tensile, flexural, impact and 
inter-laminar shear strengths of the glass polyester composites. The unfilled glass 
polyester composite has a strength of 349.6 MPa in tension and that this value drops 
to 304.5 MPa and 279.4 MPa with addition of 10 wt% and 20 wt% of flyash 
respectively. Among the four fillers taken in this study, the inclusion of alumina 
causes maximum reduction in the composite strength. The impact energy values of 
different composites recorded during the impact tests. It shows that the resistance to 
impact loading of glass-polyester composites improves with addition of particulate 
fillers. It is seen that with incorporation of CBPD particles the impact strength of 
unfilled glass fiber-polyester composite increases by about 15% - 20%. It is also 
noteworthy that the Al2O3 filled composites show 10% - 15% higher impact strength 
compared to the unfilled one. In case of the other two fillers (flyash and silicon 
carbide) the increment in impact strength is marginal.  
 
The proposed theoretical model is found to perform well for the polymer based hybrid 
composites for normal as well as oblique impacts.  The erosion efficiencies of these 
composites under normal impact vary from 3 to 6%, 6-9% and 9-12% for impact 
velocities 58m/sec, 45m/sec and 32m/sec respectively.  The presence of particulate 
fillers in these composites improves their erosion wear resistance and this 
improvement depends on the type and content of the fillers.  
 
Erosion characteristics of these composites have been successfully analyzed using 
Taguchi experimental design scheme. Significant control factors affecting the erosion 
rate have been identified through successful implementation of analysis of variance 
(ANOVA). Two predictive models - one based on artificial neural network (ANN) and 
the other one based on Taguchi approach are proposed. It has been demonstrated 
that these models reflect the effects of various factors on the erosion loss and their 
predictive results are consistent with theoretical observations.  
 
                                                        ***** 
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 Chapter 1  
INTRODUCTION  
 
1.1 Background and motivation 
Composites are materials consisting of two or more chemically distinct constituents, 
on a macro-scale, having a distinct interface separating them. One or more 
discontinuous phases are, therefore, embedded in a continuous phase to form a 
composite. The discontinuous phase is usually harder and stronger than the 
continuous phase and is called the reinforcement, whereas, the continuous phase is 
termed as the matrix.  The matrix material can be metallic, polymeric or can even be 
ceramic. When the matrix is a polymer, the composite is called polymer matrix 
composite (PMC). The reinforcing phase can either be fibrous or non-fibrous 
(particulates) in nature. The fibre reinforced polymers (FRP) consist of fibres of high 
strength and modulus embedded in or bonded to a matrix with distinct interface 
between them. In this form, both fibres and matrix retain their physical and chemical 
identities. In general, fibres are the principal load carrying members while the matrix 
keeps them at the desired location and orientation, acts as a load transfer medium 
between them, and protects them from environmental damages [1].  
 
Fibre reinforced polymer (FRP) composites have emerged from being exotic 
materials used only in niche applications following the Second World War to common 
engineering materials used in a diverse range of applications. Composites are now 
used in aircraft, helicopters, space-craft, satellites, ships, submarines, automobiles, 
chemical processing equipment, sporting goods and civil infrastructure, and there is 
the potential for common use in medical prosthesis and microelectronic devices. 
Composites have emerged as important materials because of their light-weight, high 
specific strength and stiffness, excellent fatigue resistance and outstanding corrosion 
resistance compared to most common metallic alloys such as steel and aluminium. 
Other advantages of composites include the ability to fabricate, directional 
mechanical properties, low thermal expansion coefficients and high dimensional 
stability. It is the combination of outstanding physical, thermal and mechanical 
properties that makes composites attractive to use in place of metals in many 
applications, particularly when weight-saving is critical. As already mentioned, FRP 
composites are simply multi-constituent materials that consist of reinforcing fibres 
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embedded in a rigid polymer matrix. The fibres used in FRP materials can be in the 
form of small particles, whiskers or continuous filaments. Most composites used in 
engineering applications contain fibres made of glass, carbon or aramid. A diverse 
range of polymers can be used as the matrix to FRP composites, and these are 
generally classified as thermoset (e.g. epoxy, polyester) or thermoplastic (e.g. 
polyether-ether-ketone, polyamide) resins. In almost all engineering applications 
requiring high stiffness, strength and fatigue resistance, composites are reinforced 
with continuous fibres rather than small particles or whiskers. Continuous fibre 
composites are characterized by a two-dimensional (2D) laminated structure in which 
the fibres are aligned along the plane (x- and y-directions) of the material. The use of 
FRP composites continues to grow at an impressive rate as these materials are used 
more in their existing markets and become established in relatively new markets 
such as biomedical devices and civil structures [2].  
 
A judicious selection of matrix and the reinforcing phase can lead to a composite with 
a combination of strength and modulus comparable to or even better than those of 
conventional metallic materials [3]. The physical and mechanical characteristics can 
further be modified by adding a solid filler phase to the matrix body during the 
composite preparation. The improved performance of polymers and their composites 
in industrial and structural applications by the addition of particulate filler materials 
has shown a great promise and so has lately been a subject of considerable interest. 
Specific fillers (additives) are added to enhance and modify the quality of 
composites. The fillers play a major role in determining the properties and behaviour 
of particulate reinforced composite materials.  
 
A possibility that the incorporation of both particles and fibres in polymer could 
provide a synergism in terms of improved properties and performance has not been 
adequately explored so far. However, some recent reports suggest that by 
incorporating filler particles into the matrix of fibre reinforced composites, synergistic 
effects may be achieved in the form of higher modulus and reduced material cost, 
yet accompanied with decreased strength and impact toughness [4-5]. Such multi-
component composites consisting of a matrix phase reinforced with a fibre and filled 
with particulate matters are termed as hybrid composites.  
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Wear is damage to a solid surface usually involving progressive loss of materials, 
owing to relative motion between the surface and a contacting substance or 
substances [6]. It is a material response to the external stimulus and can be 
mechanical or chemical in nature. Wear is unwanted and the effect of wear on the 
reliability of industrial components is recognised widely and the cost of wear has also 
been recognised to be high. Systematic efforts in wear research were started in 
1960s in industrialized countries. The direct costs of wear failures (i.e. wear part 
replacements), increased work and time, loss of productivity as well as indirect 
losses of energy and the increased environmental burden are real problems in 
everyday work and business. In catastrophic failures, there is also the possibility of 
human losses. Although wear has been extensively studied scientifically, still wear 
problems persist in industrial applications. This actually reveals the complexity of the 
wear phenomenon [7].  
 
The factors affecting wear are [8] 
 factors related to material properties, e.g., hardness, toughness, 
microstructure and chemical composition 
 factors connected with operating conditions, e.g., contacting surfaces, contact 
pressure, relative velocity, operating temperature, and surface finish  
 environmental conditions 
There are quite a few terms to describe various wear modes; however, these modes 
can be clubbed into four principal categories [9] 
1. abrasion 
2. adhesion 
3. erosion 
4. surface fatigue 
Abrasive wear: When two surfaces in contact move against each other, harder 
particles in one cut through the other. The mechanism of material removal may be 
the plastic deformation or fracture of the material ahead of the abradant, depending 
on material properties and sharpness of the abradant. Alternatively the abrasion can 
be brought about by a third particle entrapped between two rubbing surfaces. 
Abrasive wear comes into play when a tangential motion causes the material 
removal by the simultaneous micro-ploughing and micro-cutting [6].   
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Adhesive wear: This form of wear comes into play when two microscopically smooth 
bodies rub each other, the surface asperities at the contact point deform, and cold 
weld junctions form. Owing to a continued sliding, the older junctions shear off and 
new junctions form. If the cold junction shears off at a plane, material is transferred 
from one surface to the other. With further rubbing some of the transferred material 
gets detached and form loose wear debris [8]. Even the redeposition of worn 
particles to the original surface is also possible.   
 
Erosion wear: In this mode of wear, a progressive loss of material occurs from a solid 
surface owing to a mechanical interaction between the surface and an impinging fluid 
stream [10]. The fluid stream may entrain the solid particles aiding the wear process. 
 
Surface fatigue: The process in which tiny wear particles are dislodged from a 
surface by fracture on repeated rolling or sliding on the surface is known as surface 
fatigue. Owing to a repeated loading action subsurface cracks grow from pre existing 
defects. These cracks grow and join hands with other vicinal cracks and finally come 
to the surface removing a small chunk of material [9]. 
 
Solid particle erosion (SPE), a typical erosion wear mode, is the loss of material that 
results from repeated impact of small, solid particles. In some cases SPE is a useful 
phenomenon, as in sandblasting and high-speed abrasive water jet cutting but it is a 
serious problem in many engineering systems including steam and jet turbines, 
pipelines and valves carrying particulate matter, and fluidized bed combustion (FBC) 
systems. Solid particle erosion is to be expected whenever hard particles are 
entrained in a gas or liquid medium impinging on a solid at any significant velocity. In 
both cases, particles can be accelerated or decelerated and their directions of motion 
can be changed by the fluid.  
 
Polymer composites are often used as engineering as well as structural components 
where erosive wear occurs. Due to the operational requirements in dusty 
environment, the study of solid particle erosion characteristics of the polymeric 
composites becomes highly relevant. Differences in the erosion behaviour of various 
types of composite materials are caused by the amount, type, orientation and 
properties of the reinforcement on the one hand and by the type and properties of 
the matrix and its adhesion to the fibres/fillers on the other hand. A full understanding 
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of the effects of all system variables on the wear rate is necessary in order to 
undertake appropriate steps in the design of machine or structural component and in 
the choice of materials to reduce/control wear [11].  
 
The subject of erosion wear of polymer composites has not received substantial 
attention in past two decades. Interest in this area is commensurate with the 
increasing utilization of composites in aerospace, transportation and process 
industries, in which they can be subjected to multiple solid or liquid particle impact. 
Examples of these applications are pipe lines carrying sand slurries in petroleum 
refining, helicopter rotor blades [12], pump impeller blades, high speed vehicles and 
aircrafts operating in desert environments, water turbines, aircraft engines [13], 
missile components, canopies, radomes, wind screens [14] and outer space 
applications [15]. Resistance to rain and sand erosion is called among the major 
issues in the defence application of non-metallic materials [14]. Although a great 
amount of work has already been devoted to this topic many questions are still open. 
A comprehensive and systematic investigation of erosion in polymer composites has 
not been performed yet. Studies made on the erosive wear of composites refer more 
on fibre-reinforced polymer (FRP) and less on filler-reinforced-systems. The effect of 
fillers is considered more as modification of the matrix and less as reinforcement, 
possibly because of the low percentage of fillers. As a result, the effect of particulate 
fillers on erosion characteristics of hybrid composites has hardly received any 
research attention. There is no clear understanding of the mechanism of erosion and 
how the properties of the constituents and the interface affect the erosion behaviour 
of these composites. Extensive research is therefore needed to develop various 
methods and theoretical models for predicting erosion behaviour and its dependence 
on the proportion of the components and the composite micro-structure.  
 
Statistical methods have commonly been used for analysis, prediction and/or 
optimization of a number of engineering processes. Such methods enable the user to 
define and study the effect of every single condition possible in an experiment where 
numerous factors are involved. Solid particle erosion is a complex wear phenomenon 
in which a number of control factors collectively determine the performance output 
(i.e. the erosion rate) and there is enormous scope in it for implementation of 
appropriate statistical techniques for process optimization. But unfortunately, such 
studies have not been adequately reported so far. The present work addresses to 
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this aspect by adopting a systematic statistical approach called Taguchi method to 
optimize the process parameters leading to minimum erosion of the polymer 
composites under study.   
 
Against this background, the present work has been undertaken to investigate the 
erosion characteristics of polyester based hybrid composites. The focus has been on 
fabrication of a series of hybrid composites (glass-fibre-reinforced polyester 
composites with and without ceramic fillers), evaluation of their mechanical 
properties, development of a theoretical erosion model, assessment of their relative 
wear performance and on statistical interpretation of the various test results.  
 
The objectives of this work are outlined as follows:  
 
1. Fabrication of a series of glass fiber reinforced polyester matrix composites 
with and without ceramic fillers.  
2. Characterization of mechanical properties such as tensile strength, flexural 
strength, tensile modulus, impact strength, inter-laminar shear strength and 
micro-hardness test of these composites.     
3. Development of a theoretical model for estimation of erosion wear rate under 
multiple impact condition.   
4. Parametric appraisal of erosion wear process of unfilled/particulate filled 
glass-fiber polyester composites and optimization. 
5. Prediction of wear rate using artificial neural networks (ANN) and comparison 
with theoretical and experimental results. 
1.2 Thesis outline 
The remainder of this thesis is organized as follows: 
Chapter 2: Includes a literature review designed to provide a summary of the base 
of knowledge already available involving the issues of interest. It 
presents the research works on fiber as well as particulate reinforced 
polymer composites by various investigators.  
Chapter3: Includes a detailed description of the raw materials, test procedures, and 
design of experiments methodology. It presents the details of 
fabrication and characterization of the composites under investigation 
6
and also an explanation of the Taguchi experimental design and neural 
computation.  
Chapter 4: Presents the physical and mechanical properties of the composites 
under study. 
Chapter 5:  Proposes a theoretical model for estimation of erosion wear rate.  
Chapter 6: Includes the erosion characteristics of glass-polyester-composites 
(without any particulate filler). It aims to validate the theoretical erosion 
model proposed in the previous chapter through experimental 
investigation. It also proposes a prediction model based on artificial 
neural networks (ANN) for estimation of erosion wear rate under 
different operating conditions and determines the optimal factor 
settings using genetic algorithm (GA). 
Chapter 7: Includes the erosion characteristics of glass-polyester-composites (with 
different particulate fillers). It presents a detailed study on the effect of 
particulate fillers on the erosion behaviour of glass-polyester 
composites. The study includes the validation of theoretical model and 
the implementation of ANN and GA.  
Chapter 8: Provides summary, specific conclusions drawn from both the 
experimental and analytical efforts and recommendations for future 
research. 
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Chapter 2  
LITERATURE REVIEW   
 
Introduction 
The purpose of literature review is to provide background information on the issues 
to be considered in this thesis and to emphasize the relevance of the present study. 
This treatise embraces various aspects of polymer composites with a special 
reference to erosion wear characteristics. The topics include brief review:   
 
• On fiber/ particulate reinforced polymer composites 
• On multiphase hybrid composites 
• On mechanical properties of composites 
• On wear analysis of composites 
• On erosion wear characteristics of composites 
• On erosion wear modeling 
• On implementation of DOE and optimization techniques 
 
At the end of the chapter a summary of the literature survey and the knowledge gap 
in the earlier investigations are presented. 
 
2.1 On fiber reinforced polymer composites 
Fiber reinforced polymer composites are now considered as an important class of 
engineering materials. They offer outstanding mechanical properties, unique 
flexibility in design capability and ease of fabrication. Additional advantages include 
light weight, corrosion and impact resistance and excellent fatigue strength. A fiber 
reinforced composite is not simply a mass of fibers dispersed within a polymer. It 
consists of fibers embedded in or bonded to a polymer matrix with distinct interfaces 
between the two constituent phases. The fibers are usually of high strength and 
modulus and serve as the principal load carrying members. The matrix acts as the 
load transfer medium between fibers and in less ideal cases where loads are 
complex, the matrix may even have to partly bear loads. The matrix also serves to 
protect the fibers from environmental damage before, during and after composite 
processing. In a composite, both fibers and matrix largely retain their identities and 
yet result in many properties that cannot be achieved with either of the constituents 
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acting alone. A wide variety of fibers are available for use in composites. The most 
commonly used fibers are various types of carbon, glass and aramid. Besides, 
natural fibers such as jute, sisal and ceramic fibers like alumina, silicon carbide, 
mullite and silicon nitride are also used in composite making. The unique 
combinations of properties available in these fibers provide the outstanding 
functional and structural characteristics such as high specific strength and specific 
stiffness to the fiber reinforced composites.  
 
A key feature of fiber composites that makes them so promising as engineering 
materials is the opportunity to tailor the materials properties through the control of 
fiber and matrix combinations and the selection of processing techniques. In 
principle, an infinite range of composite types exists, from randomly oriented 
chopped fiber based materials at the low property end to continuous, unidirectional 
fiber composites at the high performance end.  
 
2.2 On particulate filled polymer composites 
Hard particulate fillers consisting of ceramic or metal particles and fiber fillers made 
of glass are being used these days to dramatically improve the wear resistance even 
up to three orders of magnitude [16]. Various kinds of polymers and polymer matrix 
composites reinforced with metal particles have a wide range of industrial 
applications such as heaters, electrodes [17], composites with thermal durability at 
high temperature [18] etc. These engineering composites are desired due to their low 
density, high corrosion resistance, ease of fabrication, and low cost [19-21].  
Similarly, ceramic filled polymer composites have been the subject of extensive 
research in last two decades. The inclusion of inorganic fillers into polymers for 
commercial applications is primarily aimed at the cost reduction and stiffness 
improvement [22, 23]. Along with fiber-reinforced composites, the composites made 
with particulate fillers have been found to perform well in many real operational 
conditions. It is reported by Bonner [24] that with the inclusion of micro-sized 
particulates into polymers, a high filler content (typically greater than 20 vol.%) is 
generally required to bring the above stated positive effects into play. But at the 
same time, this may also have detrimental effects on some important properties of 
the matrix polymers such as processability, appearance, density and aging 
performance.  
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When silica particles are added into a polymer matrix to form a composite, they play 
an important role in improving electrical, mechanical and thermal properties of the 
composites [25, 26]. Currently, particle size is being reduced rapidly and many 
studies have focused on how single-particle size affects mechanical properties [27–
33]. The shape, size, volume fraction and specific surface area of such added 
particles have been found to affect mechanical properties of the composites greatly. 
Yamamoto et al. [34] reported that the structure and shape of silica particle have 
significant effects on the mechanical properties such as fatigue resistance, tensile 
and fracture properties. Nakamura et al. [35–37] discussed the effects of size and 
shape of silica particle on the strength and fracture toughness based on particle-
matrix adhesion and also found an increase of the flexural and tensile strength as 
specific surface area of particles increased. Moloney et al. [38–40] and Adachi et al. 
[41] found that the mechanical properties of epoxy composites were depended on 
volume fraction of particles. Furthermore, effects of different particle size of micron 
magnitude and nano-particles on the properties of the composites were discussed by 
Yuan et al. [42] and Ng et al. [43].   
 
The filler plays a major role in determining the properties and behaviour of particulate 
composite materials containing a high content (over 60% by weight) of filler. 
Formulation and production of particulate composites can be based on two main 
principles, a filler theory and a mastic (filler matrix system) theory. The filler theory 
[44, 45] states that optimal composite properties are achieved when the particle size 
distribution permits a maximal packing of the filler particles. According to the mastic 
theory [44, 45], the matrix creates a coating on each filler particle with an optimal 
thickness. This provides a contact between the filler particles producing a rigid and 
stable composite mixture. Concerning these theories, two main parameters - the 
particle size distribution of the filler and the optimal matrix content for this distribution 
influence the behaviour of the composite. Other parameters affecting the mechanical 
behaviour of these composites are the wetting of the filler by the resin and the 
adhesion between the two components. Physico-chemical parameters of the filler 
which affect the initial behaviour and durability of the composite mixture include 
shape, surface activity and area, size and size distribution (gradation).  A detailed 
discussion of these parameters has been reported by Karger and Stokes et al. [46, 
47].   
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It has also been reported that the fracture surface energies of epoxy and polyester 
resin and their resistance to crack propagation are relatively low [47]. But if 
particulate filler is added to these resins, the particles inhibit crack growth. As the 
volume fraction of filler is varied, the fracture energy increases up to a critical volume 
fraction and then decreases again. Srivastava and Shembekar [48] showed that the 
fracture toughness of epoxy resin could be improved by addition of flyash particles 
as filler. The fillers also affect the tensile properties according to their packing 
characteristics, size and interfacial bonding. The maximum volumetric packing 
fraction of filler reflects the size distribution and shapes of the particles [49]. 
 
The mechanical properties of a thermoplastic polymer like Polypropylene (PP) have 
been modified by adding various mineral fillers such as talc and calcium carbonate 
[4, 50]. It has also been shown that such filler particles increase Young’s modulus of 
PP, yet causing the decrease of the strength and the toughness. PP can also be 
reinforced with short glass fibres (SGF) to improve the stiffness and the fracture 
toughness. However, long glass fibres (LGF) are used more often as reinforcement 
since it is known that longer fibres with the same fibre diameter (i.e. with higher fibre 
aspect ratio) provide higher stiffness, tensile strength and toughness compared to 
shorter ones [5–8]. Recently, it has been observed that by incorporating filler 
particles into the matrix of fibre reinforced composites, synergistic effects may be 
achieved in the form of higher modulus and reduced material costs, yet accompanied 
with decreased strength and impact toughness [4, 5]. As already mentioned, such 
multi-component composites consisting of a matrix phase reinforced with a fiber and 
filled with particulate matters are termed as hybrid composites.  
 
2.3 On multiphase hybrid composites 
Garcia et al. [51, 52] are the first to suggest this kind of composite technique for 
improving the matrix-dominated properties of continuous fiber reinforced composites. 
In this technique, a supplementary reinforcement such as particulates, whiskers or 
micro fibers is added to the matrix prior to resin impregnation. Jang et al. [53, 54] 
found a significant improvement in impact energy of hybrid composites incorporating 
either particulates or ceramic whiskers. Attempts to understand the modifications in 
the tribological behaviour of the polymers with the addition of fillers or fiber 
reinforcements have been made by a few researchers [55, 56]. The enhancement in 
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tribological properties of Poly-phenylene-sulfide (PPS) has been reported with the 
addition of inorganic fillers [57] and fibers [58].  Bahadur et al. [59, 60] reported that 
the fillers such as CuS, CuF2, CaS, and CaO reduced the wear rate of polyamide but 
many other fillers such as CaF2 increased the wear rate. But most of the above 
studies are confined to dry sliding and abrasive wear behaviour of composites. The 
erosive wear behaviour of polyester composites reinforced with any fiber or 
particulate has not yet been reported in the literature.  
 
Erosive wear of engineering components caused by abrasive particles is a major 
industrial problem. A full understanding of the effects of all system variables on the 
wear rate is necessary in order to undertake appropriate steps in the design of 
machine or structural component and in the choice of materials to reduce/control 
wear. 
 
2.4 On erosion wear characteristics of composites 
Erosion due to the impact of solid particles can either be constructive (material 
removal desirable) or destructive (material removal undesirable), and therefore, it 
can be desirable to either minimize or maximize erosion, depending on the 
application. Constructive applications include sand blasting, high-speed water-jet 
cutting, blast stripping of paint from aircraft and automobiles, blasting to remove the 
adhesive flash from bonded parts, erosive drilling of hard materials, and most 
recently, in the abrasive jet micromachining of silicon and glass substrates for 
optoelectronic applications, and the fabrication of components for micro-electro-
mechanical-system (MEMS) and micro-fluidic applications. Solid particle erosion is 
destructive in industrial applications such as erosion of machine parts, surface 
degradation of steam turbine blades, erosion of pipelines carrying slurries and 
particle erosion in fluidized bed combustion systems. In most erosion processes, 
target material removal typically occurs as the result of a large number of impacts of 
irregular angular particles, usually carried in pressurized fluid streams. The 
fundamental mechanisms of material removal, however, are more easily understood 
by analysis of the impact of single particles of a known geometry. Such fundamental 
studies can then be used to guide development of erosion theories involving particle 
streams, in which a surface is impacted repeatedly.  
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After developing primitive fibre reinforced plastics (FRP) in 1940s, they have been 
widely used because of their superior specific strength and also high corrosion 
resistance. Initially FRP was composite reinforced with glass fibres (GFRP), however 
reinforcement of new fibres such as carbon/graphite and aramid have increased their 
importance recently. Following the development of these high-performance fibres, 
use of FRP into industrial applications such as load bearing parts of buildings, 
bridges, tank / vessels and transportations can be recognized [61,62]. To ensure the 
durability of FRPs for industrial applications, it is necessary to discuss the 
degradation behaviour and mechanism under various conditions such as stress, 
corrosion and erosion etc. Several parts and equipments are exposed to erosive 
conditions, for example pipes for hydraulic or pneumatic transportation [63–65], 
nozzle and impeller for sand-blasting facility [66], internal surface of vessels used for 
fluidized bed or with catalysis [67–69], nose of high-velocity vehicle [70], 
blades/propellers of planes and helicopters [71] etc., some of them made from 
fibrous composites.  
 
Polymer composites with both discontinuous and continuous fibre reinforcement 
possess usually very high specific (i.e. density related) stiffness and strength when 
measured in plane. Therefore, such composites are frequently used in engineering 
parts in automobile, aerospace, marine and energetic applications. Due to the 
operational requirements in dusty environments, the study of solid particle erosion 
characteristics of the polymeric composites is of high relevance.  
 
Polymers are finding an ever increasing application as structural materials in various 
components and engineering systems. The high specific strength and stiffness of 
polymers are primarily responsible for their popularity. However, the resistance of 
polymers to solid particle erosion has been found to be very poor [72], and in fact it is 
two or three orders of magnitude lower than metallic materials [73]. One possible 
way to overcome such a shortcoming is to introduce a hard second phase in the 
polymer to form polymer matrix composites (PMCs). A number of investigators [72-
79] have evaluated the resistance of various types of PMCs to solid particle erosion. 
Tilly [72] and Tilly and Sage [74] tested nylon and epoxy reinforced with various 
fibres such as graphite, glass and steel and concluded that the reinforcement can 
either increase or decrease the erosion resistance depending on the type of fibres. 
Zahavi and Schmitt [73] tested a number of PMCs for erosion resistance and 
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concluded that glass-reinforced epoxy composite had a particularly good erosion 
resistance. Pool et al. [12] conducted erosion tests on four PMCs and inferred that 
wee-handled, ductile fibres in a thermoplastic matrix exhibit the lowest erosion rates. 
The above study was extended further by Tsiang [75]. He carried out sand erosion 
tests on a wide range of thermoset and thermoplastic PMCs having glass, graphite 
and Kevlar fibres in the forms of tape, fabric and chopped mat as reinforcements. 
Kevlar fibres in an epoxy resin provided the best erosion resistance. In a recent 
study, Mathias et al. [76] and also Karasek et al. [78] have evaluated the erosion 
behaviour of a graphite-fibre-reinforced bismaleimide polymer composite. These 
investigators observed the erosion rates of the PMC to be higher than the 
unreinforced polymer. Many of the investigators [73-76, 79] also consistently noted 
that the erosion rates of the PMCs were considerably larger than those obtained in 
metallic materials. In addition, composites with a thermosetting matrix mostly 
exhibited a maximum erosion rate at normal impact angles (i.e. a brittle erosion 
response) while for the thermoplastic polymer composites the erosion rate reached a 
maximum at an intermediate impact angle in the range 400-500 signifying a semi-
ductile erosion response.  
 
The wear behaviour of composite materials has received much less attention than 
that of conventional materials. However, as composites are utilized to an increasing 
extent in the aerospace, transportation and process industries, their durability may 
become a prime consideration. In erosion, material is removed by an impinging 
stream of solid particles.  Studies to develop an understanding of the mechanisms of 
erosive wear have been motivated by reduced lifetimes and failures of mechanical 
components used in erosive environments e.g. in pipelines carrying sand slurries, in 
petroleum refining [80, 81] and in aircraft gas turbine/compressor blades [82, 79]. In 
addition to these studies, which were conducted to understand erosion behaviour in 
isotropic materials, there is increasing interest in understanding the erosion 
behaviour of anisotropic materials. Because of their very high specific stiffness and 
strength, composites are now used extensively in aircraft structures. The 
understanding of erosive wear behaviour is obviously important for such structures 
e.g. helicopter rotor blades. While polymeric coatings have been developed to 
protect composite aircraft structures from rain erosion [83, 84], there is little 
understanding of the mechanisms of erosive wear in these materials. For polymers 
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and composite materials, Tilly and Sage [74] investigated the influence of velocity, 
impact angle, particle size and weight of impacted abrasive for nylon, carbon-fiber-
reinforced nylon, epoxy resin, polypropylene and glass-fiber-reinforced plastic. Their 
results showed that, for the particular materials and conditions of their tests, 
composite materials generally behaved in an ideally brittle fashion (i.e. maximum 
erosion rate occurred at normal impact). Fiber reinforcement may improve or worsen 
the resistance to erosion depending on the type of fibers used. In addition, the 
erosion rates in composites continued to increase with particle size in contrast with 
the independence of erosion rate on particle size found in steel with particle 
diameters greater than about 100 µm [74, 79]. Zahavi and Schmitt [85] performed 
erosion tests on a quartz-polyimide composite and a quartz-polybutadiene composite 
and again determined their behaviour to be like that of nearly ideally brittle materials. 
One interesting result was the behaviour of an E-glass-reinforced epoxy composite 
which exhibited erosion rates that were less than those of the other composites by a 
factor of 5. This was attributed to better adhesion between the matrix and the fibers 
and the lower porosity of this composite in comparison with the other composites. 
The E-glass-epoxy composite exhibited semi-ductile erosion behaviour with a 
maximum weight loss at an impingement angle of 450 - 600 while the others eroded 
in a brittle manner with the maximum weight loss occurring at 750 - 900. 
 
The response of materials to solid particle erosion can be categorized as ductile or 
brittle depending on the variation in the erosion rate (Er) with impact angle [86-88]. 
The impact angle is usually defined as the angle between the trajectory of the 
eroding particles and the sample surface. If Er goes through a maximum at 
intermediate impact angles, typically in the range 150-300, the response of the 
eroding material is considered ductile. In contrast, if Er continuously increases with 
increasing impact angle and attains a maximum at 900 (normal impact), the response 
of the eroding material is brittle. In addition, under ideally brittle erosion conditions 
the magnitude of Er is determined only by the normal component of the impact 
velocity, and the size of the eroding particle strongly influences the erosion rate [86-
89]. It is to be noted, however, that the above categorization of material behaviour as 
ductile or brittle is not absolute. For example, if spherical particles are used as the 
erodent instead of angular particles, the erosion rate exhibits a maximum at 900 even 
in the case of ductile materials such as copper and mild steel [90-93]. Similarly, even 
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a brittle material such as an inorganic glass exhibits ductile behaviour when 
impacted with very fine particles [94]. Erosion as well as abrasion experiments on 
metallic materials, ceramics and polymers have clearly indicated that the hardness of 
the eroding or abrading material by itself cannot adequately explain the observed 
behaviour [95-101]. As a result, combined parameters involving both hardness and 
fracture toughness have been utilized to correlate the erosion data of metals [95], 
ceramics [99, 100] and polymers [102]. In addition, correlation between the fatigue 
and the erosion or wear resistance has also been observed in the case of polymers 
[103]. The hardness is unable to provide sufficient correlation with erosion 
resistance, largely because it determines only the volume displaced by each 
impacting erodent particle and not really the volume removed (eroded). Thus a 
parameter which will reflect the efficiency with which the volume that is displaced is 
removed should be combined with hardness to obtain a better correlation.  
 
Solid particle erosion is a dynamic process that leads to progressive loss of material 
from the target surface due to impingement of fast moving solid particles.  This mode 
of wear is one of the important problems in various gas and liquid flow passages 
such as flow in pipes and pipe fittings (valves, bends, elbows, flow meters etc.), flow 
in pumps, turbines, compressors and many others. Erosion may cause equipment 
malfunctioning (vibration, leakage, excessive energy losses etc.) and may also lead 
to complete failure of machine components. Accurate prediction of the rate of erosion 
in a specific application is one of the very complicated problems since it requires 
detailed investigation of the solid particle motion before and after impact. The 
difficulty arises mainly from the fact that most flows occurring in industrial processes 
are turbulent which makes the particle trajectory and impact characteristics difficult to 
predict taking into consideration all fluid forces acting on the particle.  
 
Erosion tests have been performed under various experimental conditions (erodent 
flux conditions, erosive particle characteristics) on different target composites. It has 
been concluded that composite materials present a rather poor erosion resistance 
[104–108]. A crucial parameter for the design with composites is the fibre content as 
it controls the mechanical and thermo-mechanical responses. In order to obtain the 
favoured material properties for a particular application, it is important to know how 
the material performance changes with the fibre content under given loading 
conditions. The erosive wear behaviour of polymer composite systems as a function 
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of fibre content has been studied in the past [109–111]. It was concluded that the 
inclusion of brittle fibres in both thermosetting and thermoplastic matrices leads to 
compositions with lower erosion resistance. Nevertheless, no definite rule is 
available to describe how the fibre content affects the erosion rate of a composite. 
An analytical approach was presented by Hovis et al. [112] which presumed that the 
erosion rate of a multiphase material depends on the individual erosion rate of its 
constituents. The linear (LROM) and inverse (IROM) rules of mixture were proposed 
and evaluated for a multiphase Al-Si alloy. The same rules of mixture were adopted 
by Ballout et al. [113] for a glass-fibre reinforced epoxy composite. These two rules 
of mixture were also proposed to model the abrasive wear of unidirectional (UD) fibre 
reinforced composite materials [114,115]. 
 
Information on the solid particle erosion of materials has been available for many 
years now [116]. Two erosion modes are often distinguished in the literature: brittle 
and ductile erosion. Brittle erosion deals with material removal due to crack 
formation, while ductile erosion deals with material removal due to cutting and 
ploughing. The difference manifests itself in the impact angle dependent erosion 
rate. When a brittle material is impacted by a hard sharp particle, the contact area is 
plastically deformed due to the high compressive and shear stresses and a radial 
crack is formed. After the impact, the plastic deformation leads to large tensile 
stresses that result in lateral cracks causing the material removal. As has been 
observed by some researchers, the composite materials present a rather poor 
erosion resistance [12, 79,117]. Thus, in order to obtain the desired material 
characteristics for a particular application, it is important to know how the composite 
performance changes with the fibre content under given loading conditions. The 
Influence of matrix modification on the solid particle erosion of glass/epoxy 
composites has also been studied in the past [118]. Miyazaki and Hamao [109] have 
examined the effect of fibre inclusion on the erosion behaviour by comparing the 
erosion rate of an FRP with that of a neat resin, which is the matrix material of the 
FRP. It was observed that the inclusion of brittle fibres in both thermosetting and 
thermoplastic matrices leads to compositions with lower erosion resistance. They 
have also studied the erosion behaviour of treated and untreated glass fibre 
reinforced epoxy resin composites. The results show the clear correlation between 
interfacial strength and erosion rate.  
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Thus, the erosion behaviour of polymeric materials depends first of all on their 
nature. Thermosetting polymers, such as epoxy (EP) and phenolic resins, show 
brittle erosion whereas the erosion response of thermoplastics is of ductile type 
[108]. The same categorization applies for the related composites. It was 
demonstrated that the maximum erosion rate is at an oblique impact angle of 300 
and at 600–900 for polymers eroding in ductile and brittle manner respectively 
[104,116,119-121]. Rubbers, on the other hand, present a maximum erosion rate at 
300, but the failure mechanisms differ from those of thermoplastic resins. It is, 
therefore, a great challenge to study the solid particle erosion of a system that may 
show both brittle and ductile erosion behaviour depending on its composition and 
structural characteristics.  
 
Erosion of ductile materials by the impact of hard solid particles at low and moderate 
velocities (2-100 m/sec) can cause significant damage to structural components in 
many industrial applications. For example, erosion by non-combustible flyash 
particles causes premature material failures in the power generation industry [122]. 
During impact on the elastic–plastic target, particle energy transfers into rebound and 
plastic deformation of the target [123]. Rebound of the particle is caused by the 
elastic energy stored in the particle and target material and the magnitude of this 
energy is determined by the ratio of the rebound to the initial particle velocity. This 
ratio, called the restitution coefficient, depends on the mechanical properties of the 
target material and erodent, and impact parameters (i.e. velocity, impact angle, and 
particle size). The extent of erosion damage is related to the ability of the material to 
elastically recover and therefore, it is important to understand the effect of target 
mechanical properties, such as hardness, on the restitution coefficient. Several 
studies have been conducted to measure the restitution coefficient of various target-
erodent systems [123–125]. However, these measurements are complicated and 
often inaccurate because of the difficulties involved in measuring rebound velocity of 
the particle.   
 
As already mentioned, solid particle erosion is a general term used to describe 
mechanical degradation wear of a solid material subjected to a stream of abrasive 
erodent particles impinging on its surface. The effects of solid particle erosion have 
been recognized for a long time [126]. Damage caused by erosion has been reported 
in several industries for a wide range of situations. Examples can be cited for rocket 
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motor tail nozzles [127], helicopter rotors and gas turbine blades [128], parametric 
dependence of erosion wear for the parallel flow of solid–liquid mixtures [129], boiler 
tubes exposed to flyash [130]. The existing models of solid particle erosion treat 
ductile and brittle materials as separate and distinct, generating two basic theories. 
These include subsurface lateral crack propagation in brittle materials [131,132], and 
micro machining or damage accumulation and fatigue impact in ductile materials 
[133,134]. Sheldon [135] noted the importance of the tangential velocity component 
of the impacting particle and concluded that erosion occurs by a combination of 
ductile and brittle modes. Sheldon’s conclusions are also supported by the work of 
Hockey et al. [136] on glass, silicon nitride and aluminium oxide. Previous results 
obtained by Sheldon and Finnie [137] demonstrate that glass and ceramics could 
present a ductile type of erosion behaviour under proper conditions. Neilson and 
Gilchrist [127] also support the idea that erosion mechanisms of any material are a 
linear combination of a ductile response and a brittle response and that the 
maximum erosion rate can be predicted at an intermediate angle. Furthermore, they 
have modified Finnie’s equation to include the effect of the impingement angle upon 
ductile targets, to show the contribution of the tangential velocity component. As a 
continuation of these earlier works, Ballout [138] developed a new experimental 
technique (dynamic test) capable of controlling and separating the relative particle 
velocity components. This consists of a rotating disk with the samples held on it. The 
disk is mounted on a motor with adjustable speed and is positioned in front of an air-
blast apparatus with its nozzle directed toward the sample at the top position on the 
disk. At a selected motor speed the linear velocity of the samples is known; also, the 
tangential velocity of the particles is calculated. The difference between both 
velocities is the relative tangential velocity of the particles. Because of the rotational 
speed given to the samples, this new technique is referred to as a ‘dynamic test’ 
compared to the conventional fixed samples placement in an air blasting erosion 
apparatus, which is referred to as a ‘static test’. Ibrahim [139] demonstrated that by 
separating and controlling the tangential and the normal velocity component of the 
erodent particles, the erosion characteristics of ductile, semi-ductile, and brittle 
materials appear to follow a common law. The materials respond in a similar manner 
under the same conditions of testing. Ibrahim concluded that it is possible to unify the 
ductile and brittle models of solid particle erosion rates.   
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In general, the erosive wear behaviour of material depends on various operating 
parameters, such as velocity and angle of impact, particle size, shape, flux rate, etc. 
[140]. Literature on the effect of velocity of erodent on wear performance is sparse as 
compared to that on other parameters [141–145]. Earlier studies have shown that the 
value of the velocity exponent depends on the nature of both the target and the 
erodent. Tilly and Sage [74] reported a value of velocity exponent of 2.3 for 125–150 
µm quartz erodents impacting a range of materials from metals to plastics. They also 
reported that the velocity exponent decreased with decreasing size of the erodent. In 
contrast, Finnie [117] reported a high velocity exponent of 6.5 for 575 µm steel 
spheres impacting glass. While studying the erosive wear behaviour of glass eroded 
by 300 µm size iron spheres, Dhar and Gomes [146,147] postulated that there was a 
threshold velocity value below which deformation was elastic and hence no damage 
occurred. Tilly [148] proposed that the threshold velocity depended on the particle 
size of the erodent and obtained a value of 2.7 m/s for 225 µm quartz against 11% 
chromium steel. Wiederhorn et al. [149] documented the velocity exponents for 
seven types of target materials having a wide range of brittleness indices and 
microstructures. Scattergood and Routbort [150] found that the velocity exponent 
increased with decreasing particle size of the erodent. While studying the erosive 
wear behaviour of amorphous polystyrene, Thai et al. [151] found that the velocity 
exponent was 3.69. Karasek et al. [152] observed almost linear correlation between 
the erosion rate of graphite fibre reinforced bismaleimide composite and the 
impinging velocity. Arnold and Hutchings [141] found that the erosion rate of natural 
rubber and epoxidized natural rubber had very strong dependence on the impinging 
velocity above 70 m/s. Rao et al. [153] reviewed the effect of impact velocity on the 
erosive wear of various polymers and composites. The influence of impact angle and 
dose of the erodent on the erosive wear behaviour of various poly-amides with 
different methylene to amide (CH2 /CONH) ratio has also been reported [154]. 
Therefore, it is worthwhile to study the influence of various impact parameters like 
impinging angle, velocity, dose of the erodent etc. on the erosive wear behaviour of 
composites. 
 
Available reports on the research work carried out on erosion can be classified under 
three categories; experimental investigations, erosion model developments and 
numerical simulations. Tilly [147] presented a thorough analysis of the various 
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parameters affecting erosion, including particle properties, impact parameters, 
particle concentration, material temperature and tensile stress. He also reviewed the 
different mechanisms of erosion, which were categorized into brittle and ductile 
behaviours. Ruff and Wiederhorn [155] presented another review of the solid particle 
erosion phenomena considering single and multiple particle models on erosion of 
metals and ceramics. The significant parameters for eroding particles and material 
characteristics were also presented. Humphrey [156] reported a more 
comprehensive review of the fundamentals of fluid motion and erosion by solid 
particles. The review includes a discussion of the experimental techniques and the 
various fundamental considerations relating to the motion of solid particles. An 
assessment of the fluid mechanics phenomena that can significantly influence 
erosion of material surfaces by impinging particles was also presented. Because of 
its direct relevance to gas and oil industries, erosion of pipes and pipe fittings 
attracted many researchers. Several experimental studies were conducted with the 
main objective being to determine the rate of erosion in such flow passages and its 
relation with the other parameters involved in the process. Among these studies are 
the works by Rochester and Brunton [157], True and Weiner [158], Glaeser and Dow 
[159], Roco et al. [160], Venkatesh [161], and Shook et al. [162]. Soderberg et al. 
[163,164] and Hutchings [165,166] reported the advantages and disadvantages of 
such experiments. The recent experimental study by McLaury et al. [167] on the rate 
of erosion inside elbows and straight pipes provided correlations between the 
penetration rate and the flow velocity at different values of the elbow diameter, sand 
rate and size. Edwards et al. [168] reported the effect of the bend angle on the 
normalized penetration rate. The objective of most of these experimental studies was 
to provide data for establishing a relationship between the amount of erosion and the 
physical characteristics of the materials involved, as well as the particle velocity and 
angle of impact. Blanchard et al. [169] carried out an experimental study of erosion in 
an elbow by solid particles entrained in water. The elbow was examined in a closed 
test loop. Electroplating the elbow surface and photographing after an elapsed period 
of time were carried out to show the wear pattern. 
 
2.5 On erosion wear modeling 
Several erosion models/correlations were developed by many researchers to provide 
a quick answer to design engineers in the absence of a comprehensive practical 
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approach for erosion prediction. The theoretical model developed by Rabinowicz 
[170] was used to calculate the volume of material removed from the target surface 
due to impact of solid particles entrained in a liquid jet. The results indicated that the 
sand particle trajectories appeared to be governed by the secondary flows and that 
there was no simple liquid velocity profile that can be used to calculate the particle 
trajectories in order to make an accurate prediction of the location of the point of 
maximum wear. One of the early erosion prediction correlations is that developed by 
Finnie [171] expressing the rate of erosion in terms of particle mass and impact 
velocity. In that correlation, the rate of erosion was proportional to the impact velocity 
squared. In a recent study, Nesic [172] found that Finnie’s model over-predicts the 
erosion rate and presented another formula for the erosion rate in terms of a critical 
velocity rather than the impact velocity. The erosion model suggested by Bitter 
[173,174] assumed that the erosion occurred in two main mechanisms; the first was 
caused by repeated deformation during collisions that eventually results in the 
breaking loose of a piece of material while the second was caused by the cutting 
action of the free-moving particles. Comparisons between the obtained correlations 
and the test results showed a good agreement. It was concluded that cutting wear 
prevails in places where the impact angles are small (such as in risers and straight 
pipes) and it is sufficient to use hard material in such places to reduce erosion. Tilly 
[175] suggested another two-stage mechanism for explaining different aspects of the 
erosion process for ductile materials. In the first stage, the particles indent the target 
surface, causing chips to be removed and some material to be extruded to form 
vulnerable hillocks around the scar. The second stage was the one in which the 
particles break up on impact causing fragments to be projected radially to produce a 
secondary damage. A correlation was presented relating erosion to the energy 
required to remove a unit mass and the particle velocity and size. The calculated 
values of erosion were compared with the experimental data for different particle 
sizes and a reasonable agreement was found, however, the validity of the work was 
limited to ductile materials and could not be generalized to include other materials. 
Other erosion models were suggested by Laitone [176], Salama and Venkatesh 
[177], Bourgoyne [178], Chase et al. [179], McLaury [180], Svedeman and Arnold 
[181] and Jordan [182]. Recently, Shirazi and McLaury [183] presented a model for 
predicting multiphase erosion in elbows. The model was developed based on 
extensive empirical information gathered from many sources and it accounts for the 
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physical variables affecting erosion, including fluid properties, sand production rate 
and size and the fluid-stream composition. An important feature of this model was 
the use of the characteristic impact velocity of the particles. The method used for 
obtaining characteristic velocity for an elbow was an extension of a previous method 
introduced by the same authors for the case of a single-phase flow.  
 
The use of computational methods in erosion prediction constitutes a combination of 
flow modeling, Lagrangian particle-tracking and the use of erosion correlations. The 
flow model is used to determine the flow field for a given geometry while the particle-
tracking model is used to determine the particle trajectories for solid particles 
released in the flow. The particle impingement information extracted from the 
trajectories is used along with the empirical erosion equations to predict the erosion 
rates. Wang et al. [184] developed a computational model for predicting the rate of 
erosive wear in a 900 elbow for the two cases of sand in air and sand in water. The 
flow field was first obtained and then the particle trajectory and impacting 
characteristics were then determined by solving the equation of particle motion 
taking into consideration all the forces including drag, buoyancy and virtual mass 
effects with the assumption of a uniform distribution of the solid particles at the 
starting section. In a recent study by Edwards et al. [185], an erosion prediction 
procedure was developed and verified based on a computational fluid dynamics 
(CFD) code combining flow field analysis and particle-tracking for obtaining particle 
impingement data. The erosion rate was then computed using the empirical relations 
of Ahlert [186] and applied to predict erosion in a pipe bend fitting made of carbon 
steel.  
 
In most erosion processes, target material removal typically occurs as the result of a 
large number of impacts of irregular angular particles, usually carried in pressurized 
fluid streams. The fundamental mechanisms of material removal, however, are more 
easily understood by analysis of the impact of single particles of a known geometry. 
Such fundamental studies can then be used to guide development of erosion 
theories involving particle streams, in which a surface is impacted repeatedly. Single 
particle impact studies can also reveal the rebound kinematics of particles, which are 
very important for models which take into account the change in erosive potential 
due to collisions between incident and rebounding particles [187,188]. A number of 
recent papers contain investigations of the rebound kinematics of spherical/angular 
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particles [189–193]. These are concerned with the identification and modelling of 
mechanisms of ductile target material removal due to the impact of single hard, 
angular particles. These works have demonstrated that, in this case, the trajectory of 
the particle while impacting the material surface is of prime interest in predicting the 
material loss, since this determines the manner in which a crater is carved out. In 
much of this work, the target material is assumed to be perfectly plastic (i.e. elastic 
rebound effects are ignored), with the impacting particle assumed to be non-
deforming and the theory has thus come to be known as ‘rigid-plastic.’ Finnie’s 
analysis [117, 171] of the cutting action of a single particle launched against a ductile 
target was the first such model capable of predicting material removal rate. In his 
model, the particles were assumed to be rigid and impact a target which reached a 
constant flow pressure immediately upon impact. Under the assumption that the 
particle did not rotate during the impact process, the particle was subjected to a 
resisting force vector of constant direction and Finnie was able to solve for the 
trajectory of the particle in closed form as it cut the surface and thus predict the size 
of the impact crater. An extension of Finnie’s work, the rigid-plastic theory developed 
by Hutchings and co-workers [194–196] predicted the collision kinematics and crater 
dimensions for single impacts of square and spherical particles on ductile targets. 
The theory predicted the kinematics of the particle as it ploughed or cut through the 
target, under the assumption that the instantaneous resisting force could be 
calculated by multiplying a constant plastic flow pressure (i.e. the dynamic hardness) 
by the instantaneous contact area. In contrast to the constant direction force vector 
assumed in Finnie’s work, in Hutchings’ analysis, the particle was free to rotate and 
the resisting force vector could thus vary in both direction and magnitude. By 
examining the single impacts of the square and spherical particles, Hutchings 
identified two fundamental mechanisms of cutting erosion and a ploughing erosion 
mechanism, depending on both the particle shape and its orientation at the moment 
of impact [195]. In general, comparisons of experimentally measured crater volume, 
energy loss, and particle kinematics yielded acceptable agreement. For impacts 
involving spherical particles, the rigid plastic theory was later improved by Rickerby 
and Macmillan [197,198], to include a more accurate calculation of contact area. 
Sundararajan and co-workers [199–201] also used a similar theory to model ductile 
erosion and investigated the effect of material pile-up at the edge of the crater on the 
rebound kinematics of the spherical particles and the size of the resulting plastic 
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zone below the impact. In the case of the rigid-plastic impact of single angular 
particles, however, very little literature exists. A rigid-plastic theory developed by 
Papini and co-workers [202-205] generalized Hutchings’ [195,196] rigid-plastic theory 
for square particles, so that particles of any shape impacting targets of arbitrary 
dynamic hardness and dynamic friction coefficient could be analysed. The specific 
case of two dimensional particles having rhomboidal shape (i.e. ‘diamond shaped’) of 
varying angularity was studied in detail by constructing a computer program capable 
of describing the trajectory of the particles as they formed impact craters, so that 
their size and shape could be predicted [204]. Dimensionless parameters were 
identified so that the results of a parametric study could be presented in a generally 
applicable form, fundamental erosion mechanisms were predicted, and it was 
postulated that for a given angle of attack, there was an optimum particle shape for 
the most efficient material removal [205]. Due to the difficulties associated with 
performing repeatable experiments involving the impact of angular particles, this 
model remained without experimental verification of any kind until very recently. Of 
particular difficulty was the design of the launching apparatus, so that the impacts all 
would occur in one plane. Very recently, an experimental apparatus capable of 
reliably launching two-dimensional rhomboidal particles was constructed and used to 
show that the model of Papini and Spelt could reasonably predict the rebound 
kinematics of particles launched at aluminium alloy targets [206]. Along with the 
erosion mechanisms identified by Hutchings, a previously unreported mechanism 
was also identified. While the agreement between measured and predicted results 
was encouraging, the experimental data were limited to measurements of rebound 
kinematics and not crater volume, and particles of only one angularity were used.  
 
In order to develop a mathematical model, it is important to understand the 
mechanism responsible for solid-particle erosion of composite materials. For a 
composite material, its surface damage by solid-particle erosion depends on many 
factors, including the impact velocity, particle size and shape of the erodent, 
mechanical properties of both the target material and the erodent and the volume 
fraction, size and properties of the reinforcing phase as well as the bonding between 
the matrix and the reinforcing phase. The synergism of these factors makes it difficult 
to experimentally investigate the erosion mechanism for composite materials. 
Fortunately, computer simulation provides an effective and economic approach for 
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such investigation. Computer models proposed to simulate wear process may be 
classified into two groups: macro-scale models and atomic-scale models. The 
macro-scale models were proposed based on various assumptions or theories such 
as the cutting mechanism [171] and the platelet mechanism [207]. The cutting 
mechanism is based on the assumption that individual erodent particle impinges a 
target surface, cutting out a swath of the material. However, this mechanism is only 
suitable for ductile materials. Even for ductile materials, scanning electron 
microscope (SEM) observation of eroded surfaces has shown that erosion processes 
of metals involve extrusion, forging and fracture and that micro-cutting does not often 
occur [208]. Regarding the platelet mechanism, plastic deformation and work 
hardening prior to fracture are taken into account and this makes it closer to reality. 
However, this mechanism is also only suitable for ductile materials. Since there are 
many parameters influencing erosion, computer models based on the platelet 
mechanism are often used to treat special cases [209,210]. Furthermore, it is difficult 
to establish the relationship between erosion and microstructure based on these 
theories. Another method, finite element method (FEM), is also used for erosion 
simulation [211–213]. The FEM can provide information on the stress/strain 
distribution in surface layer, which helps to predict the initiation of surface failure. 
However, continuous changes in surface geometry during erosion lead to the 
difficulty in simulation of an entire erosion process using FEM. Although many 
models have been proposed to simulate erosion processes, lack of generality, 
flexibility or feasibility make these models difficult to be used to simulate erosion 
under different conditions and to investigate micro-structural effects on erosion. As a 
matter of fact, many wear models were proposed for mechanical design rather than 
for prediction of material performance. Therefore, they are not suitable for studying 
erosion processes in detail and for fundamentally investigating erosion mechanisms.  
 
Another group of models developed based on fundamental physics laws are 
promising for wear modeling, such as the molecular dynamics simulation [214, 215] 
and the first-principle technique [216]. The molecular dynamic technique (MD) is one 
of the most powerful approaches for materials studies. However, the limited 
capability of current computing facilities makes it difficult to simulate an erosion 
process involving micro-structural effects, which requires handling a large number of 
atoms. Such simulation needs an unacceptable long computing time. A micro-scale 
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dynamic model (MSDM) was recently proposed for wear simulation, which has been 
applied to investigate abrasive wear [217,218]. This model was later applied to 
simulation of solid-particle erosion of homogeneous materials [219]. 
 
The correlations between wear resistance and characteristic properties of polymers 
have been discussed in terms of various semi-empirical equations by some pioneers. 
These include, e.g. the Ratner–Lancaster equation [220,221], i.e. the relationship of 
the single pass abrasion rate with the reciprocal of the product of ultimate tensile 
stress and strain or an equation used by Friedrich [222] to correlate the erosive wear 
rate of polymers with the quotient of their hardness to fracture energy. Although 
these equations are quite helpful to estimate the wear behaviour of polymers in some 
special cases, wear normally is very complicated and it therefore depends on many 
more mechanical and other parameters. This means that simple functions cannot 
always cover all the prevailing mechanisms under wear. For predictive purposes, an 
artificial neural network (ANN) approach has, therefore, been introduced recently into 
the field of wear of polymers and composites by Velten et al. [223] and Zhang et al. 
[224]. An ANN is a computational system that simulates the microstructure (neurons) 
of biological nervous system. The most basic components of ANN are modeled after 
the structure of the brain. Inspired by these biological neurons, ANN is composed of 
simple elements operating in parallel. ANN is the simple clustering of the primitive 
artificial neurons. This clustering occurs by creating layers, which are then connected 
to one another. How these layers connect may also vary. Basically, all ANN have a 
similar structure of topology. Some of the neurons interface the real world to receive 
its input, and other neurons provide the real world with the network’s output. All the 
rest of the neurons are hidden from view. As in nature, the network function is 
determined largely by the interconnections between neurons, which are not simple 
connections, but some non-linear functions. Each input to a neuron has a weight 
factor of the function that determines the strength of the interconnection and thus the 
contribution of that interconnection to the following neurons. ANN can be trained to 
perform a particular function by adjusting the values of these weight factors between 
the neurons, either from the information of outside the network or by the neurons 
themselves in response to the input. This is the key to the ability of ANN to achieve 
learning and memory. The multi-layered neural network is the most widely applied 
neural network, which has been utilized in the most of the research works for 
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materials science reviewed by Zhang and Friedrich [225]. Back propagation 
algorithm can be used to train these multi-layer feed-forward networks with 
differentiable transfer functions to perform function approximation, pattern 
association and pattern classification. The term back propagation refers to the 
process by which derivatives of network error, with respect to network weights and 
biases, can be computed. The training of an ANN by back propagation involves three 
stages: (a) the feed-forward of the input training pattern, (b) the calculation and back 
propagation of the associated error and (c) the adjustment of the weights. This 
process can be used with a number of different optimization strategies. 
 
2.6 On implementation of DOE and optimization techniques 
Wear processes in composites are complex phenomena involving a number of 
operating variables and it is essential to understand how the wear characteristics of 
the composites are affected by different operating conditions. Although a large 
number of researchers have reported on properties, performance and on wear 
characteristics of composites, neither the optimization of wear processes nor the 
influence of process parameters on wear rate has adequately been studied yet. 
Selecting the correct operating conditions is always a major concern as traditional 
experiment design would require many experimental runs to achieve satisfactory 
result. In any process, the desired testing parameters are either determined based 
on experience or by use of a handbook. It, however, does not provide optimal testing 
parameters for a particular situation. Thus, several mathematical models based on 
statistical regression techniques have been constructed to select the proper testing 
conditions [226–231]. The number of runs required for full factorial design increases 
geometrically, whereas fractional factorial design is efficient and significantly reduces 
the time. This method is popular because of its simplicity, but this very simplicity has 
led to unreliable results and inadequate conclusions. The fractional design might not 
contain the best design point. Moreover, the traditional multi-factorial experimental 
design is the “change-one-factor-at-a-time” method. Under this method only one 
factor is varied, while all the other factors are kept fixed at a specific set of 
conditions. To overcome these problems, Taguchi and Konishi [232] advocated the 
use of orthogonal arrays and Taguchi [233] devised a new experiment design that 
applied signal-to-noise ratio with orthogonal arrays to the robust design of products 
and processes. In this procedure, the effect of a factor is measured by average 
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results and therefore, the experimental results can be reproducible. Phadke [234], 
Wu and Moore [235] and others [236–239] have subsequently applied the Taguchi 
method to design the products and process parameters. This inexpensive and easy-
to-operate experimental strategy based on Taguchi’s parameter design has been 
adopted to study effect of various parameters and their interactions in a number of 
engineering processes. It has been successfully applied for parametric appraisal in 
wire electrical discharge machining (WEDM) process, drilling of metal matrix 
composites, and erosion behaviour of metal matrix composites such as aluminium 
reinforced with red mud (240-246). 
 
Chapter summary 
 
This chapter has provided an exhaustive review of research works on fiber and 
particulate reinforced polymer composites reported by various investigators.   
 
The literature survey presented above reveals the following knowledge gap that 
helped to set the objectives of this research work: 
 
o Though much work has been reported on various wear characteristics of 
metals, alloys and homogeneous materials, comparatively less has been 
reported on the erosive wear performance of polymers and their composites 
and in fact no study has been found particularly on polyester based 
fiber/particulate reinforced composites.  
o A possibility that the incorporation of both particles and fibers in polymer could 
provide a synergism in terms of improved wear resistance has not been 
adequately addressed so far and there is inadequate data available about 
phenomena behind the modified wear behaviour due to the addition of 
particulate fillers to the fiber reinforced polymer composites. 
o As far as erosion study of polymer matrix composites is concerned, no 
specific theoretical model based on the assumption that the kinetic energy of 
the erodent is utilized to cause micro-indentation leading to material loss has 
been developed.  
o Studies carried out worldwide on erosion behaviour of composites have 
largely been experimental and use of statistical techniques in analyzing wear 
characteristics is rare.   
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o Taguchi method, in spite of being a simple, efficient and systematic approach 
to optimize designs for performance, quality and cost, is used only in a limited 
number of applications worldwide. Its implementation in parametric appraisal 
of wear processes has hardly been reported.      
 
The next chapter discusses experimental planning, the Taguchi method and neural 
computations.                                        
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Chapter 3   
MATERIALS AND METHODS  
 
Introduction  
This chapter describes the materials and methods used for the processing of all the 
composites under this investigation. It presents the details of the characterization 
and erosion tests which the composite samples are subjected to. The methodology 
related to the design of experiment technique based on Taguchi method and the 
statistical analyses inspired by artificial neural networks are also presented in this 
part of the thesis.  
 
3.1 Materials  
Matrix Material 
Unsaturated isophthalic polyester resin (density 1.35gm/cc, elastic modulus 3.25 
GPa) supplied by Ciba-Geigy of India is the matrix material in the present 
investigation.   Polyester is a category of polymers which contain the ester functional 
group in their main chain.  The term unsaturated polyester resin is generally referred 
to the unsaturated (means containing chemical double bonds) resins formed by the 
reaction of dibasic organic acids and polyhydric alcohols. Polyester resin is also 
known as a thermosetting plastic, which implies the plastic sets at high temperatures 
as opposed to thermoplastics which can be formed at high temperatures. Polyester 
resin can attach things together to itself, creating a strong bond. Moreover, as it is a 
plastic it put against all elements as long as it has been produced to a high standard, 
without any problems of it falling apart. Polyester resins are the most economical and 
widely used resin systems, especially in the marine industry. Nearly one half million 
tons of this material is used annually in the United States in composite applications. 
Polyester resins can be formulated to obtain a wide range of properties ranging from 
soft and ductile to hard and brittle. Their advantages include low viscosity, low cost, 
and fast cure time. In addition, polyester resins have long been considered least 
toxic.  
Fiber Material 
In the present work, woven roving E-glass fibers (supplied by Saint Gobain Ltd. 
India) have been used as the reinforcing material in all the composites. Glass is the 
most common fiber used in polymer matrix composites. Its advantages include its 
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high strength, low cost, high chemical resistance and good insulating properties. The 
drawbacks include low elastic modulus, poor adhesion to polymers, high specific 
gravity, sensitivity to abrasion (reduces tensile strength), and low fatigue strength.  
The main types are E-glass (also called “fiber glass”) and S-glass. The “E” in E-glass 
(12 mm diameter and 120 mm length) stands for electrical because it is usually 
designed for electrical applications. However, it is used for many other purposes 
now, such as decorations and structural applications. The major constituents of E-
glass are silicon oxide (54 wt %), aluminum oxide (15 wt %), calcium oxide (17 wt 
%), magnesium oxide (4.5 wt %) and boron oxide (8 wt %). E-glass fiber has an 
elastic modulus of 72.5 GPa and possess a density of 2.59 gm/cc. 
 
Particulate Materials 
Two conventional ceramic fillers: aluminum oxide and silicon carbide and two 
industrial wastes: flyash and cement by-pass dust (CBPD) are chosen to be used as 
particulate fillers in pre-determined proportions in various composites prepared for 
this investigation. While, Al2O3 and SiC have conventionally been used in many 
composite applications, the wastes flyash and cement by-pass dust (CBPD) can be 
considered as non-conventional materials for use as fillers in polymer composites. 
Here the fillers taken in this study are in the range of 80-100 µm. 
 
Alumina is an inorganic material that has the potential to be used as filler in various 
polymer matrices. Aluminium oxide (Al2O3) commonly referred to as alumina, can 
exist in several crystalline phases which all revert to the most stable hexagonal alpha 
phase at elevated temperatures. This is the phase of particular interest for structural 
applications. Alumina is the most cost effective and widely used material in the family 
of engineering ceramics. It is hard, wear-resistant, has excellent dielectric properties, 
resistance to strong acid and alkali attack at elevated temperatures, high strength 
and stiffness. With an excellent combination of properties and a reasonable price, it 
is no surprise that fine grain technical grade alumina has a very wide range of 
applications.   
 
Similarly, silicon carbide (SiC) is another ceramic material that too has the potential 
to be used as filler in various polymer matrices. It is an excellent abrasive and has 
been produced and made into grinding wheels and other abrasive products for over 
one hundred years. It is the only chemical compound of carbon and silicon. It was 
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originally produced by a high temperature electro-chemical reaction of sand and 
carbon. Today the material has been developed into a high quality technical grade 
ceramic with very good mechanical properties. It is used in abrasives, refractories, 
ceramics, and numerous high-performance applications. The material can also be 
made an electrical conductor and has applications in resistance heating, flame 
igniters and electronic components. Structural and wear applications are constantly 
developing. Silicon carbide is composed of tetrahedra of carbon and silicon atoms 
with strong bonds in the crystal lattice. This produces a very hard and strong 
material. It is not attacked by any acids or alkalis or molten salts up to 800°C. The 
high thermal conductivity coupled with low thermal expansion and high strength 
gives this material exceptional thermal shock resistant qualities. Silicon carbide has 
low density of about 3.1 gm/cc, low thermal expansion, high elastic modulus, high 
strength, high thermal conductivity, high hardness, excellent thermal shock 
resistance and superior chemical inertness.  
 
The fly ash used here is of cenosphere type and has been collected from the Captive 
Power Plant of National Aluminium Co. (NALCO) located at Angul in India.  Fly ash is 
a finely divided powder generated in huge quantities during power generation in coal 
based power plants. It is essentially a mixture of ceramic materials such as: SiO2, 
Fe2O3, Al2O3 and TiO2 etc. 
 
Cement by-pass dust (CBPD) is a by-product of cement manufacturing. It is a fine 
powdery material similar in appearance to Portland cement. It is generated during 
the calcining process in the kiln. As the raw materials are heated in the kiln, dust 
particles are produced and then carried out with the exhaust gases at the upper end 
of the kiln. These gases are cooled and the accompanying dust particles are 
captured by efficient dust collection systems. Lime (CaO) constitutes about 40% of 
CBPD composition. Other compounds include SiO2, Al2O3,
 Fe2O3, K2O, Na2O, Cl
–, 
etc. The chemical compositions/formulae and physical properties such as density 
and hardness of these particulate fillers are given in Table 3.1. 
 
The composites prepared for this study are designated as A1, B1, C1, C2, C3, C4, C5, 
C6, C7, C8 and C9 respectively. The detailed compositions along with the designation 
are presented in Table 3.2. 
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Table 3.1.  Chemical compositions and Physical properties of filler materials 
Source: *   Thermal spray coating of red mud on metals, Ph.D thesis, N.I.T.Rourkela, India (2005) 
             ** Utilization of cement kiln dust (CKD) in cement mortar and concrete—an overview, 
Resources,    Conservation and Recycling 48 (2006) 315–338. 
 
Table 3.2. Designation and detailed compositions of the composites 
 
 
 
 
 
 
            
 
 
 
 
3.2 Composite fabrication 
Cross plied E-glass fibers are reinforced in unsaturated isophthalic polyester resin in 
three different weight proportions (30wt%, 40wt% and 50wt%) to prepare the 
composites A1(Polyester +30wt% glass fiber), B1 (Polyester +40wt% glass fiber) and 
C1(Polyester +50wt% glass fiber) respectively. Each ply of glass-fiber is of dimension 
200 × 170 mm2.  No particulate filler is used in these composites. The composite 
slabs are made by conventional hand-lay-up technique followed by light compression 
moulding technique. A stainless steel mould having dimensions of 
210 × 180 × 20 mm3 is used. A releasing agent (Silicon spray) is used to facilitate 
easy removal of the composite from the mould after curing. The curing of the 
polyester resin was done by incorporation of 2% cobalt nephthalate (as accelerator) 
Filler Composition/Chemical formula Mean 
hardness 
(Hv) 
Density 
(gm/cm3) 
Flyash* SiO2 (48.3%),Al2O3 (20.2%) 
Fe2O3 (6.4%),TiO2 (1.9%) 
725 3.15 
Alumina Al2O3 1175 3.89 
Silicon 
Carbide 
SiC 2800 3.22 
CBPD** CaO (40.5%),  SiO2 (14.5% ), K2O 
(4.66%) Al2O3(4.10%),  Fe2O3 (2%),  
695 2.40 
Designation  Composition 
A1 Polyester +30wt% glass fiber 
B1 Polyester +40wt% glass fiber 
C1 Polyester +50wt% glass fiber 
C2 Polyester +50wt% glass fiber + 10wt% flyash 
C3 Polyester +50wt% glass fiber +20wt% flyash 
C4 Polyester +50wt% glass fiber +10wt% Alumina 
C5 Polyester +50wt% glass fiber +20wt% Alumina 
C6 Polyester +50wt% glass fiber +10wt% SiC 
C7 Polyester +50wt% glass fiber +20wt% SiC 
C8 Polyester +50wt% glass fiber +10wt% CBPD 
C9 Polyester +50wt% glass fiber +20wt% CBPD 
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mixed thoroughly in the polyester resin and then 2% methyl-ethyl-ketone-peroxide 
(MEKP) as hardener prior to reinforcement. The mix is stirred manually to disperse 
the fibres in the matrix. Care is taken to ensure a uniform sample since fibres have a 
tendency to clump and tangle together when mixed. The cast of each composite was 
cured under light pressure of 0.0156 MPa for 24 h before it removed from the mould. 
Then this cast is post cured in the air for another 24 h after removing out of the 
mould. Specimens of suitable dimension are cut using a diamond cutter for physical 
characterization and mechanical testing.  Utmost care has been taken to maintain 
uniformity and homogeneity of the composite although reproducibility is somewhat 
difficult in hand-lay up techniques.  
 
The other composite samples C2-C9 with particulate fillers of fixed weight percentage 
are fabricated by the same technique. The fillers are mixed thoroughly in the 
polyester resin before the glass fiber mats (50 wt%) are reinforced in the matrix 
body. Composites C2 and C3 contain flyash particles in 10 wt% and 20wt% 
proportions respectively. Similarly C4 and C5, C6 and C7, C8 and C9 are the 
composites containing alumina, silicon carbide and cement by-pass dust fillers 
respectively along with 50wt% of glass fibers in them.  
 
3.3 Mechanical characterization 
Micro-hardness 
Micro-hardness measurement is done using a Leitz micro-hardness tester. A 
diamond indenter, in the form of a right pyramid with a square base and an angle 
1360 between opposite faces, is forced into the material under a load F. The two 
diagonals X and Y of the indentation left on the surface of the material after removal 
of the load are measured and their arithmetic mean L is calculated. In the present 
study, the load considered F = 24.54N and Vickers hardness number is calculated 
using the following equation. 
                               
2
1889.0
L
F
HV =                                                                          (3.1) 
                        and  
2
YX
L
+
=  
where, F is the applied load (N), L is the diagonal of square impression (mm), X is 
the horizontal length (mm) and Y is the vertical length (mm). 
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Density and void fraction 
The theoretical density of composite materials in terms of weight fraction can easily 
be obtained as for the following equations given by Agarwal and Broutman [1].   
                           ( ) ( )mmffct WW ρρ
ρ
//
1
+
=                                                              (3.2) 
where, W and ρ represent the weight fraction and density respectively. The suffix f, 
m and ct stand for the fiber, matrix and the composite materials respectively.  
The composites under this investigation consists of three components namely matrix, 
fiber and particulate filler. Hence the modified form of the expression for the density 
of the composite can be written as  
                           ( ) ( ) ( )ppmmffct WWW ρρρ
ρ
///
1
++
=                                              (3.3) 
Where, the suffix ‘p’ indicates the particulate filler materials. 
The actual density ( ceρ ) of the composite, however, can be determined 
experimentally by simple water immersion technique. The volume fraction of voids 
( vV ) in the composites is calculated using the following equation:  
                           
ct
cect
vV ρ
ρρ −
=                                                                                (3.4) 
Tensile strength  
The tensile test is generally performed on flat specimens. The commonly used 
specimens for tensile test are the dog-bone type and the straight side type with end 
tabs. During the test a uniaxial load is applied through both the ends of the 
specimen. The ASTM standard test method for tensile properties of fiber resin 
composites has the designation D 3039-76. The dimension of the specimen is 150 
mm ×10 mm × (2.5 - 4) mm at a crosshead speed of 10 mm/min.  As the thickness 
varies from 2.5 mm to 4mm, because for unfilled glass fiber reinforced polyester 
composite the fiber loading taken in this research are 30 wt%, 40 wt% and 50 wt %. 
Therefore, the thickness varies from 2.5 to 4 mm respectively. In case of particulate 
filled glass fiber reinforced polyester composites the length and width is same as the 
unfilled composites, whereas the thickness is 4mm for all the particulate filled 
composites. The tensile test is performed in the universal testing machine (UTM) 
Instron 1195 and results are analyzed to calculate the tensile strength of composite 
samples is shown in Figure 3.1. Here the test is repeated six times and the mean 
value of tensile strength is reported.  
 
36 
Flexural and inter-laminar shear strength  
The short beam shear (SBS) tests are performed on the composite samples at room 
temperature to evaluate the value of inter-laminar shear strength (ILSS). It is a 3-
point bend test, which generally promotes failure by inter-laminar shear. The SBS 
test is conducted as per ASTM standard (D2344-84) using the same UTM. The 
loading arrangement is shown in Figure 3.2. The dimension of the specimen is 40 
mm ×10 mm × (2.5 - 4) mm at a crosshead speed of 10 mm/min.  As the thickness 
varies from 2.5 mm to 4mm, because for unfilled glass fiber reinforced polyester 
composite the fiber loading taken in this research are 30 wt%, 40 wt% and 50 wt %. 
Therefore, the thickness varies from 2.5 to 4 mm respectively. In case of particulate 
filled glass fiber reinforced polyester composites the length and width is same as the 
unfilled composites, whereas the thickness is 4mm for all the particulate filled 
composites. The ILSS values are calculated as follows, 
                            
tb
P
ILSS
.4
3
=                                                    (3.5)                                                                                                     
Where, P is maximum load, b the width of specimen and t the thickness of specimen. 
The data recorded during the 3-point bend test is used to evaluate the flexural 
strength also. The flexural strength (F.S.) of any composite specimen is determined 
using the following equation. For both flexural and inter-laminar shear strength the 
test is repeated six times and the mean value is reported.  
                             
22
3
.
bt
PL
SF =                                                                                  (3.6) 
where, L is the span length of the sample 
 
 
 
 
 
 
 
 
 
Figure 3.1.  Photograph of Instron 1195 machine 
 
37 
                                                          
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2.  Loading arrangement for the specimens 
Impact strength 
Low velocity instrumented impact tests are carried out on composite specimens. The 
tests are done as per ASTM D 256 using an impact tester (Figure 3.3). The 
pendulum impact testing machine ascertains the notch impact strength of the 
material by shattering the V-notched specimen with a pendulum hammer, measuring 
the spent energy, and relating it to the cross section of the specimen. The standard 
specimen for ASTM D 256 is same as the flexural and inter-laminar shear strength 
and the depth under the notch is 20 mm. Each test is repeated six times and the 
mean value of impact strength is reported. The machine is adjusted such that the 
blade on the free-hanging pendulum just barely contracts the specimen (zero 
position). Since there are practically no losses due to bearing friction, etc. (< 0.3 %), 
the testing conditions may be regarded as ideal. The specimens are clamped in a 
square support and are struck at their central point by a hemispherical bolt of 
diameter 5 mm. Raising the pendulum gives it the requisite energy of deformation 
(potential energy, ep) as the product of reaction force (F) times the relative height (h).  
 
ep = F.h =F. L (1-cosα)  [Nm]                                                                  (3.7) 
 
The reaction force (F) is measured with the pendulum in the precisely horizontal 
position at a distance L from the fixed point. The height of fall (h): 
     h =L (1-cosα)     [m]                                                                   (3.8) 
38 
The length L is the distance between the pendulum axis and the point of impact of 
the hammer’s blades at the center of the specimen. 
 
Upon release of the pendulum, the potential energy is converted into kinetic energy 
by acceleration due to gravity. At the moment it passes the zero position, the 
pendulum constitutes the potential energy (ep) engraved on the hammer. 
As it shatters a specimen, the pendulum is braked by the impact, losing part of its 
velocity and, hence, part of its potential energy (ep), namely the impact-energy 
component (e1). 
e1 = F.h1 = F.L (1-cosα)     [Joules]                                                              (3.9) 
The amount of impact energy (e1) thusly consumed is the difference between the 
potential energy (ep) and the surplus energy (es). 
 
e1 = ep – es        [Joules]                                                           (3.10) 
The respective values of impact energy of different specimens are recorded directly 
from the dial indicator. 
 
Figure 3.3. Schematic diagram of an impact tester 
3.4 Scanning electron microscopy 
The surfaces of the specimens are examined directly by scanning electron 
microscope JEOL JSM-6480LV as shown in Figure 3.4. The composite samples are 
mounted on stubs with silver paste. To enhance the conductivity of the samples, a 
thin film of platinum is vacuum-evaporated onto them before the photomicrographs 
are taken.       
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Figure 3.4. Scanning Electron Microscope (JEOL JSM-6480LV) 
3.5 X-Ray diffraction studies 
The composites are examined for the identification of the (crystalline) phases with a 
Philips X Ray Diffractometer.  The X ray diffractograms on the eroded and uneroded 
surfaces are taken using Cu Kα radiation.   
3.6 Erosion test apparatus  
The set up used in this study for the solid particle erosion wear test is capable of 
creating reproducible erosive situations for assessing erosion wear resistance of the 
prepared composite samples. It consists of an air compressor, an air particle mixing 
chamber and accelerating chamber. The schematic diagram of the erosion test rig is 
given in Figure 3.5 and pictorial view is presented in Figure 3.6.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. A schematic diagram of the erosion test rig 
αAir jet
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Erodent
Erodent feeder
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Figure 3.6. Solid particle erosion test set up 
Dry compressed air is mixed with the erodent particles which are fed at constant rate 
from a sand flow control knob through the nozzle tube and then accelerated by 
passing the mixture through a convergent brass nozzle of 3mm internal diameter. 
These particles impact the specimen which can be held at different angles with 
respect to the direction of erodent flow using a swivel and an adjustable sample clip. 
Square samples of size 40mm×40mm are cut from the plaques for erosion tests. The 
velocity of the eroding particles is determined using standard double disc method 
[247]. The conditions (confirming to ASTM G 76 test standards) under which erosion 
tests are carried out are listed in Table 3.3. In the present study, dry silica sand 
(spherical) of different particle sizes (300µm, 500 µm and 800µm) are used as 
erodent. A standard test procedure is employed for each erosion test. The samples 
are weighed to an accuracy of ± 0.1 mg using an electronic balance, eroded in test 
rig for 5 min and then weighed again to determine the weight loss. The ratio of 
weight loss to the weight of the eroding particles causing loss (i.e. testing time 
×particle feed rate) is then computed as the dimensionless incremental erosion rate. 
This procedure repeated till the erosion rate attains a constant steady-state value. 
3.7 Process optimization and Taguchi method 
Statistical methods are commonly used to improve the quality of a product or 
process. Such methods enable the user to define and study the effect of every single 
condition possible in an experiment where numerous factors are involved. Solid 
particle erosion is such a process in which a number of control factors collectively 
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determine the performance output i.e the erosion rate. Hence, in the present work a 
statistical technique called Taguchi method is used to optimize the process 
parameters leading to minimum erosion of the polymer composites under study.  
This part of the chapter presents the Taguchi experimental design methodology in 
detail.    
Table 3.3. Parameter settings for erosion test. 
Control Factors             Symbols Fixed parameters 
Velocity of impact Factor  A Erodent Silica sand 
Fiber/Filler loading Factor  B Erodent feed rate (g/min) 10.0± 1.0 
Stand-off distance Factor  C Test temperature RT 
Impingement angle Factor  D Nozzle diameter (mm) 3 
Erodent size Factor  E Length of nozzle (mm) 80 
 
Taguchi Experimental Design 
Taguchi technique is a powerful tool for design of high quality systems based on 
orthogonal array experiments that provide much-reduced variance for the 
experiments with an optimum setting of process control parameters. It introduces an 
integrated approach that is simple and efficient to find the best range of designs for 
quality, performance and computational cost. From a scientific viewpoint, these 
experiments are either one or a series of tests to either confirm a hypothesis or to 
understand a process in further detail. Experiments from a manufacturing point of 
view, however, are concerned with finding the optimum product and process, which 
is both cost effective and of a high quality. In order to achieve a meaningful end 
result, several experiments are usually carried out. The experimenter needs to know 
the factors involved, the range of these factors are varied between, the levels 
assigned to each factor as well as a method to calculate and quantify the response 
of each factor. This one factor at a time approach will provide the most favorable 
level for each factor but not the optimum combination of all the interacting factors 
involved. Thus, experimentation in this scenario can be considered as an iterative 
process. Although it will provide a result, such methods are not time or cost effective. 
But the design of experiments is a scientific approach to effectively plan and perform 
experiments, using statistics. In such designs, the combination of each factor at 
every level is studied to determine the combination that would yield the best result. 
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The advantage of such design schemes is that it will always determine the effect of 
factors and possible interactions (between factors) on the result.  
 
Taguchi design of experiment is a powerful analysis tool for modeling and analyzing 
the influence of control factors on performance output. The most important stage in 
the design of experiment lies in the selection of the control factors. Therefore, initially 
a large number of factors are included so that non-significant variables can be 
identified at earliest opportunity. Exhaustive literature review on erosion behaviour of 
polymer composites reveal that parameters viz., impact velocity, impingement angle, 
fiber loading, filler content, erodent size and stand-off distance etc largely influence 
the erosion rate of polymer composites [248, 249]. In the present work, the impact of 
five such parameters are studied using L27 (3
13) orthogonal design. The operating 
conditions under which erosion tests are carried out are given in Table 3.4. The tests 
are conducted at room temperature as per experimental design given in Table 3.5. 
Five parameters viz., impact velocity, fiber/filler loading, stand-off distance, 
impingement angle and erodent size, each at three levels, are considered in this 
study. In Table 3.4, each column represents a test parameter and a row gives a test 
condition which is nothing but combination of parameter levels. Five parameters 
each at three levels would require 35 = 243 runs in a full factorial experiment 
whereas Taguchi’s factorial experiment approach reduces it to 27 runs only offering 
a great advantage. 
Table 3.4. Levels for various control factors 
        Control factor                              Level 
        I                     II                III            Units 
A: Velocity of impact  32 45 58 m/sec 
B: Fiber loading  
(for composites A1,B1, C1) 
B: Filler content  
(for composites C1-C9) 
30 
 
0 
40 
 
10 
50 
 
20 
wt% 
 
   wt% 
C: Stand-off distance 120 180 240 mm  
D: Impingement angle 30 60 90 degree 
E: Erodent size 300 500 800 µm 
 
This method achieves the integration of design of experiments (DOE) with the 
parametric optimization of the process yielding the desired results. The orthogonal 
array (OA) requires a set of well-balanced (minimum experimental runs) 
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experiments. Taguchi’s method uses a statistical measure of performance called 
signal-to-noise ratio (S/N), which is logarithmic function of desired output to serve as 
objective functions for optimization. The S/N ratio considers both the mean and the 
variability into account. It is defined as the ratio of the mean (signal) to the standard 
deviation (noise). The ratio depends on the quality characteristics of the 
product/process to be optimized. The three categories of S/N ratios are used: lower-
the-better (LB), higher-the-better (HB) and nominal-the best (NB).  The experimental 
observations are transformed into a signal-to-noise (S/N) ratio. There are several 
S/N ratios available depending on the type of characteristics. The S/N ratio for 
minimum erosion rate coming under smaller is better characteristic, which can be 
calculated as logarithmic transformation of the loss function as shown below. 
Smaller is the better characteristic: ( )∑−= 21log10 y
nN
S                                (3.11) 
where n the number of observations, and y the observed data. “Lower is better” (LB) 
characteristic, with the above S/N ratio transformation, is suitable for minimizations of 
erosion rate. The standard linear graph by Peace [233] and Phadke [234], as shown 
in Figure 3.7, is used to assign the factors and interactions to various columns of the 
orthogonal array.  
 
Figure 3.7. Linear graphs for L27 orthogonal array 
 
The plan of the experiments is as follows: the first column was assigned to impact 
velocity (A), the second column to fiber/filler loading (B), the fifth column to stand-off 
distance (C), the ninth column to impingement angle (D) and tenth column to erodent 
size (E), the third and fourth column are assigned to (A×B)1 and (A×B)2, respectively 
to estimate interaction between impact velocity (A) and fiber loading (B), the sixth 
and seventh column are assigned to (B×C)1 and (B×C)2 respectively, to estimate 
interaction between the fiber loading (B) and stand-off distance (C), the eighth and 
 A(1) 
B(2) 
C(5) 
D(9) E(10) (12) (13) 
    
(3,4) (6,7) 
(8,11) 
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eleventh column are assigned to (A×C)1 and (A×C)2 respectively, to estimate 
interaction between the impact velocity (A) and stand-off distance (C). The remaining 
columns are assigned to error columns respectively. 
Table 3.5. Orthogonal array for L27 (3
13) Taguchi Design 
 
L27(3
13) 
1 
A 
2 
B 
3 
(AxB)1 
4 
(AxB)2 
5 
C 
6 
(BxC)1 
7 
(BxC)2 
8 
(AxC)1 
9 
D 
10 
E 
11 
(AxC)2 
12 
 
13 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 
2 1 1 1 1 2 2 2 2 2 2 2 2 2 
3 1 1 1 1 3 3 3 3 3 3 3 3 3 
4 1 2 2 2 1 1 1 2 2 2 3 3 3 
5 1 2 2 2 2 2 2 3 3 3 1 1 1 
6 1 2 2 2 3 3 3 1 1 1 2 2 2 
7 1 3 3 3 1 1 1 3 3 3 2 2 2 
8 1 3 3 3 2 2 2 1 1 1 3 3 3 
9 1 3 3 3 3 3 3 2 2 2 1 1 1 
10 2 1 2 3 1 2 3 1 2 3 1 2 3 
11 2 1 2 3 2 3 1 2 3 1 2 3 1 
12 2 1 2 3 3 1 2 3 1 2 3 1 2 
13 2 2 3 1 1 2 3 2 3 1 3 1 2 
14 2 2 3 1 2 3 1 3 1 2 1 2 3 
15 2 2 3 1 3 1 2 1 2 3 2 3 1 
16 2 3 1 2 1 2 3 3 1 2 2 3 1 
17 2 3 1 2 2 3 1 1 2 3 3 1 2 
18 2 3 1 2 3 1 2 2 3 1 1 2 3 
19 3 1 3 2 1 3 2 1 3 2 1 3 2 
20 3 1 3 2 2 1 3 2 1 3 2 1 3 
21 3 1 3 2 3 2 1 3 2 1 3 2 1 
22 3 2 1 3 1 3 2 2 1 3 3 2 1 
23 3 2 1 3 2 1 3 3 2 1 1 3 2 
24 3 2 1 3 3 2 1 1 3 2 2 1 3 
25 3 3 2 1 1 3 2 3 2 1 2 1 3 
26 3 3 2 1 2 1 3 1 3 2 3 2 1 
27 3 3 2 1 3 2 1 2 1 3 1 3 2 
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3.8 Neural Computation 
Erosion wear process is considered as a non-linear problem with respect to its 
variables: either materials or operating conditions. To obtain minimum wear rate, 
combinations of operating parameters have to be planned. Therefore a robust 
methodology is needed to study these interrelated effects. In this work, a statistical 
method, responding to the constraints, is implemented to correlate the operating 
parameters. This methodology is based on artificial neural networks (ANN), which is 
a technique that involves database training to predict input-output evolutions. The 
details of this methodology are described by Haykin S [251]. In the present analysis, 
the velocity of impact, filler content, stand-off distance, impingement angle and 
erodent size are taken as the five input parameters. Each of these parameters is 
characterized by one neuron and consequently the input layer in the ANN structure 
has five neurons. The database is built considering experiments at the limit ranges of 
each parameter. Experimental result sets are used to train the ANN in order to 
understand the input-output correlations. The database is then divided into three 
categories, namely: (i) a training category, which is exclusively used to adjust the 
network weights and (ii) a test category, which corresponds to the set that validates 
the results of the training protocol. Usually seventy five percent data (patterns) is 
used for training and twenty five percent for testing [251]. The input variables are 
normalized so as to lie in the same range group of 0-1. The output layer of the 
network has only one neuron to represent wear rate. To train the neural network 
used for this work, about 135 data sets obtained during erosion trials on different 
composites are taken. Different ANN structures (Input-Hidden-Output nodes) with 
varying number of neurons in the hidden layer are tested at constant cycles, learning 
rate, error tolerance, momentum parameter, noise factor and slope parameter. 
Based on least error criterion, one structure, shown in Table 3.5, is selected for 
training of the input-output data. The learning rate is varied in the range of 0.001-
0.100 during the training of the input-output data. Neuron number in the hidden layer 
is varied and in the optimized structure of the network, this number is 12 for a typical 
case. The number of cycles selected during training is high enough so that the ANN 
models could be rigorously trained.  
 
The C++ coding used for neural computing developed by Haykin S [251] using back 
propagation algorithm is used as the prediction tool for erosion wear rate of different 
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composites under various test conditions. The three-layer neural network having an 
input layer (I) with five input nodes, a hidden layer (H) with twelve neurons and an 
output layer (O) with one output node employed for this work is shown in Fig. 3.8. 
 
Table 3.6. A typical case of Input parameters selected for training 
Input Parameters for Training Values 
Error tolerance 0.01 
Learning rate (ß) 0.01 
Momentum parameter(α) 0.03 
Noise factor (NF) 0.01 
Number of epochs 20,0000 
Slope parameter  (£) 0.6 
Number of hidden layer 12 
Number of input layer neuron (I) 5 
Number of output layer neuron (O) 1 
 
 
Figure 3.8. The neural network architecture                                                                       
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Chapter summary 
This chapter has provided: 
• The descriptions of materials used in the experiments 
• The details of fabrication and characterization of the composites 
• The description of erosion wear test   
• An explanation of the Taguchi experimental design and neural computation.  
 
The next chapter presents the physical and mechanical properties of the polymer 
composites under study. 
 
 
 
******* 
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Chapter 4   
MECHANICAL CHARACTERIZATION OF THE COMPOSITES 
 
Introduction  
This chapter presents the physical and mechanical properties of the glass fiber 
reinforced polyester composites prepared for this work. The interpretation of the 
results and the comparison among various composite samples are also presented. 
This chapter consists of two parts: one for the glass-polyester composites without 
particulate filling (A1, B1 and C1) and the other for the particulate filled composites 
(C1-C9).  
 
Part I 
4.1 Glass fiber-polyester composites (A1, B1 and C1)  
Density and volume fraction of voids 
The theoretical and measured densities along with the corresponding volume fraction 
of voids are presented in Table 4.1. It may be noted that the composite density 
values calculated theoretically from weight fractions using Eq.(3) are not equal to the 
experimentally measured values. This difference is a measure of voids and pores 
present in the composites. It is clearly seen that with the increase in fiber content 
from 30 wt% to 50 wt%, there is a decrease in the void fraction. This is due to fibre-
fibre interactions and fibre constraint on packing. These effects can lead to the 
swelling of the composite and reduce density. However, in all the three composites 
A1, B1 and C1, the volume fractions of voids are reasonably small (< 2.5%) and this 
can be attributed to the absence of particulate fillers in these composites.  
 
Table 4.1. Measured and Theoretical densities of the composites (without particulate 
                      fillers) 
Composites Measured 
density (g/cc) 
Theoretical 
Density (g/cc) 
Volume fraction 
of voids (%) 
A1 (Polyester +30wt% glass fiber) 1.738 1.776 2.411 
B1 (Polyester +4wt% glass fiber) 1.874 1.845 1.497 
C1 (Polyester +5wt% glass fiber) 1.932 1.950 1.020 
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Micro-hardness 
The variation of composite micro-hardness with the weight fraction of glass fiber is 
shown in Figure 4.1. For the composite A1 (30 wt% of GF), the micro-hardness value 
is recorded as 32 Hv while for C1 (50 wt% of GF) this value is measured to be 39 Hv.   
It is thus seen that with the increase in fiber content in the composite, the hardness 
improves although the increment is marginal.  
 
Figure 4.1. Micro-hardness vs. fiber loading for glass polyester composites 
 
Tensile and flexural strength 
It is well known that the strength properties of composites are mainly determined by 
the fiber content and the fiber strength. So the variation in composite strength with 
different fiber loading is obvious. These variations in tensile and flexural strengths of 
the composites A1, B1 and C1 are shown in Figure 4.2. A gradual increase in both 
tensile strength as well as flexural strength with the fiber weight fraction is noticed. It 
clearly indicates that inclusion of glass fiber improves the load bearing capacity and 
the ability to withstand bending of the composites. Similar observations have been 
reported by Harsha et al. [249] for fiber reinforced thermoplastics such as 
polyaryletherketone composites. It may be mentioned here that both tensile and 
flexural strengths are important for structural applications. 
Inter laminar shear strength (ILSS) 
The stresses acting on the interface of the two adjacent laminae in a layered 
composite are called inter laminar composites. These stresses cause relative 
deformations between the consecutive laminae and if these stresses are sufficiently 
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high they may cause failure along the mid-plane between two adjacent laminae. It is 
therefore of considerable interest to evaluate inter laminar shear strength through 
tests in which failure of the laminates of the composite initiates in a shear 
(delamination) mode. In the present work the ILSS values are measured for unfilled 
glass-polyester composites A1, B1 and C1 and an improvement is recorded in the 
ILSS of the composites with increase in the fiber content in them. The values are 
illustrated graphically in Figure 4.3.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2. Fiber loading vs. strengths of glass fiber polyester composites 
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Figure 4.3 Fiber loading vs. inter-laminar shear strength of glass fiber polyester 
                       Composites 
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Impact strength 
The study of impact behaviour of fibrous composite material is essential before 
recommending then for structural / engineering applications. The strength, 
orientation and weight fraction of fiber largely influence the impact strength of any 
fiber reinforced composite. In the present investigation, since the orientation of glass 
fiber is kept unchanged in all the three samples, the difference in impact energy 
values with different fiber content is obvious. This variation is clearly shown in Figure 
4.4.   A significant increase in this property can be observed with the increase in fiber 
content (50 wt%) in comparison to lower fiber content. This confirms the efficiency of 
these fibers as reinforcement for polyester resin composites. For contents above 50 
wt. %, the impact property value decreases reported by Al Emran Ismail and Nor 
Azila Zamani [250]. This fact can be related with the high content of fiber and the 
poor dispersion and distribution of the fibers in the matrix. It seems that 50 wt. % of 
fiber constitutes a limit value to increase the properties. 
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Figure 4.4. Fiber loading vs. impact energy of glass fiber polyester composites 
 
Part II 
4.2 Particulate filled glass-polyester composites (C1-C9) 
The characterization of the composites reveals that inclusion of any particulate filler 
has strong influence on the physical and mechanical properties of composites. The 
modified values of the properties of the particulate filled / unfilled glass-polyester 
composites under this investigation are presented in Table 4.2.  
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Table 4.2. Mechanical properties of the composites 
 
Density   
The theoretical and measured densities along with the corresponding volume 
fractions of voids are presented in Table 4.3. It may be noted that the composite 
density values calculated theoretically from weight fractions using Eq. (3) are not 
exactly same as the measured values. This difference is a measure of voids and 
pores present in the composites. It is clear from Table 4.3 that in C1 the volume 
fraction of voids is negligible and this is due to the absence of particulate fillers. With 
the addition of filler materials more voids are found in the composites. As the filler 
content increases from 10 wt% to 20 wt% the volume fraction of voids is also found 
to be increasing. This is due to the irregular shape of the fillers and presence of 
empty spaces near sharp edges of the filler particles. This trend is observed in all the 
particulate filled composites (C2-C9) irrespective of the filler material.  
 
Composites Hardness 
(Hv) 
Tensile 
strength 
(MPa) 
Tensile 
modulus 
(GPa) 
Flexural 
strength 
(MPa) 
ILSS 
 
(MPa) 
Impact 
energy 
(J) 
C1 ( Polyester +50wt% 
glass fiber) 
39 349.6 5.7 368 18.42 0.75 
C2( Polyester +50wt% 
glass fiber + 10wt% 
flyash) 
45 304.5 5.92 451.84 22.57 0.76 
C3 ( Polyester +50wt% 
glass fiber +20wt% 
flyash) 
37 279.4 6.07 297.82 18.99 0.78 
C4( Polyester +50wt% 
glass fiber +10wt% 
Alumina) 
38 240.8 3.35 417 23.46 0.83 
C5  ( Polyester +50wt% 
glass fiber +20wt% 
Alumina) 
36.5 206 4.187 362.92 19.60 0.85 
C6 ( Polyester +50wt% 
glass fiber +10wt% SiC) 
43 282.6 5.81 353.8 24.17 0.77 
C7 ( Polyester +50wt% 
glass fiber +20wt% SiC) 
47 251.7 6.02 309.2 20.32 0.78 
C8 ( Polyester +50wt% 
glass fiber +10wt% 
CBPD) 
43.5 322.6 5.98 463.34 24.86 0.86 
C9 ( Polyester +50wt% 
glass fiber +20wt% 
CBPD) 
40 297 6.31 327.2 21.14 0.89 
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Table 4.3. Measured and Theoretical densities of the composites (with particulate  
                    fillers) 
Composites Measured density 
(gm/cc) 
Theoretical density 
(gm/cc) 
Volume fraction of 
voids (%) 
C1 1.932 1.950 1.020 
C2 1.780 1.930 7.700 
C3 1.710 2.100 18.57 
C4 1.765 1.930 8.200 
C5 1.730 2.167 19.96 
C6 1.752 1.960 10.71 
C7 1.739 2.120 17.92 
C8 1.809 1.917 5.630 
C9 1.882 2.028 7.190 
 
 
Density of a composite depends on the relative proportion of matrix and reinforcing 
materials and this is one of the most important factors determining the properties of 
the composites. The void content is the cause for the difference between the values 
of true density and the theoretically calculated one. The voids significantly affect 
some of the mechanical properties and even the performance of composites. Higher 
void contents usually mean lower fatigue resistance, greater susceptibility to water 
penetration and weathering [1]. The knowledge of void content is desirable for 
estimation of the quality of the composites. It is understandable that a good 
composite should have fewer voids. However, presence of void is unavoidable in 
composite making particularly through hand-lay-up route.  
 
Micro-hardness  
The measured micro-hardness values of all the nine composites are presented in 
Fig. 4.5. It can be seen that the hardness is affected only marginally by the addition 
of alumina particles. It is further observed that flyash addition beyond 10 wt% also 
shows a minor change in the hardness. The composite C2 with 10 wt% flyash 
content is found to exhibit some improvement in hardness compared to the unfilled 
composite C1. The mean hardness of flyash as well as alumina particle are generally 
high like any other oxide ceramic and so  with their inclusion, the composite 
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hardness is expected to increase. But the measured values do not show consistency 
with this theory. The low or marginal effect of these particulate fillers on composite 
micro-hardness may be due to the presence of pores and voids. However, as 
expected the hardness values of SiC-GF-Polyester composites (C6 and C7) are 
found to be higher than that of composite (C1). Here the hardness is seen to have 
improved with increase in SiC content (Fig. 4.5). Similarly, the addition of cement by-
pass dust has also resulted in improved hardness of the composites. It is evident 
from Figure 4.5 where it can be seen that the hardness values of C8 and C9 are not 
only higher than that of the unfilled composite (C1) but also Al2O3 filled composites 
(C4 and C5). 
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Figure 4.5.  Comparison of hardness values of different composites  
Tensile properties 
The test results for tensile strengths and moduli are shown in Figs. 4.6 and 4.7 
respectively. It is seen that in all the samples irrespective of the filler material the 
tensile strength of the composite decreases with increase in filler content. The 
unfilled glass polyester composite (50wt% Fiber loading)has a strength of 349.6 MPa 
in tension and it may be seen from Table 4.2 that this value drops to 304.5 MPa and 
279.4 MPa with addition of 10 wt% and 20 wt% of flyash respectively. Among the 
four fillers taken in this study, the inclusion of alumina causes maximum reduction in 
the composite strength. There can be two reasons for this decline in the strength 
properties of these particulate filled composites compared to the unfilled one. One 
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possibility is that the interface bonding between the filler particles and the matrix may 
be too weak to transfer the tensile stress; the other is that the corner points of the 
irregular shaped particulates result in stress concentration in the polyester matrix. 
These two factors are responsible for reducing the tensile strengths of the 
composites so significantly. The tensile strengths are different with different filler 
materials as their compatibility with the matrix and irregularities in shape are different 
from one another. Similar property modification has been previously reported for 
Al2O3 particles reinforced in polyurethane matrix [252].   
 
Figure 4.6. Variation of tensile strength of composites with filler type and content 
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Figure 4.7.  Variation of tensile modulus of composites with filler type and content 
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The compatibility of alumina particles in polyester resin seems to be not as good as 
that of flyash, as a result of which the percentage reduction in tensile strength is 
highest in the former case. The tensile moduli of these alumina filled composites C4 
and C5, are also found to be less than the modulus of the unfilled one. On the 
contrary the experimental findings suggest that with addition of flyash, SiC and 
CBPD, the tensile moduli of the glass polyester composites improve reasonably (Fig. 
4.7). This improvement is attributed to the relatively lower strain rates of composites 
C2, C3, C6,C7, C8 and C9 during the tensile test.   
 
Flexural and Inter-laminar shear strength  
Figure 4.8 shows the comparison of flexural strengths of the composites obtained 
experimentally from the 3-point bend tests. It is interesting to note that composites 
(C2,C4 and C8) with addition of small amount (10 wt%) of fly ash, alumina and CBPD 
exhibited improved flexural strength compared to the unfilled glass-polyester 
composite (C1). But for the composite samples (C3,C5 and C9)  with  20 wt% of these 
fillers   lower values of the flexural strength are recorded. However, this trend is not 
found in the composites (C6 and C7) with silicon carbide particles, where the flexural 
strength of the glass-polyester system declines monotonically with filler content.  
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Figure 4.8.  Variation of flexural strength of composites with filler type and content 
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The flexural properties are of great importance for any structural element. Composite 
materials used in structures are prone to fail in bending and therefore the 
development of new composites with improved flexural characteristics is essential. 
From the results it may now be suggested that alumina, fly ash and CBPD are 
potential candidates to be used as fillers in making high flexural strength composites.  
 
The inter-laminar shear strength values of the particulate filled composites are shown 
along with that of the unfilled glass polyester composite (C1) in Figure 4.9. It is seen 
that there is improvement of ILSS of glass-reinforced polyester composite with 
particulate filling irrespective of the filler type. Incorporation of silicon carbide is seen 
to have caused the maximum increase in the strength compared to the other fillers. It 
can also be noticed that with increase in filler content from 10 wt% to 20 wt% there is 
invariably a drop in the inter-laminar shear strength. 
 
Figure 4.9.   Inter-laminar shear strength of different composites 
 
The stresses acting on the interface of two adjacent laminas are called inter-laminar 
shear stress. The stresses cause relative deformation between the lamina and if 
these are sufficiently high, they may cause failure along the common plane between 
the laminas. It is therefore, of considerable interest to evaluate inert-laminar shear 
strength through tests in which failure of laminates initiates in a shear (delaminating) 
mode. In the present investigation, during flexural test, the span length is very short 
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(40 mm). A large span to depth ratio in bending test increases the maximum normal 
stress without affecting the inter-laminar shear stress and thereby increases the 
tendency for longitudinal failure. If the span is short enough, failure initiates and 
propagates by inter-laminar shear failure. The maximum shear stress in a beam 
occurs at the mid plane. So in the shear test, failure consists of a crack running along 
the mid plane of the beam so that crack plane is parallel to the longitudinal plane.   
 
Impact strength 
The impact energy values of different composites recorded during the impact tests 
are given in Table 4.2. It shows that the resistance to impact loading of glass-
polyester composites improves with addition of particulate fillers. It is seen that with 
incorporation of CBPD particles the impact strength of unfilled glass fiber-polyester 
composite increases by about 15% - 20% . It is also noteworthy that the Al2O3 filled 
composites show 10% - 15% higher impact strength compared to the unfilled one. In 
case of the other two fillers (flyash and silicon carbide) the increment in impact 
strength is marginal.  
 
High strain rates or impact loads may be expected in many engineering applications 
of composite materials. The suitability of a composite for such applications should 
therefore be determined not only by usual design parameters, but by its impact or 
energy absorbing properties. Thus, it is important to have a good understanding of 
the impact behaviour of composites for both safe and efficient design of structures 
and to develop new composites having good impact properties. The results of impact 
tests in the present study reveal that CBPD and Al2O3 are promising filler materials in 
future hybrid composites.  
 
Chapter summary 
This chapter summarises that:  
• Successful fabrication of glass-polyester composites with reinforcement of 
conventional ceramic fillers like: Al2O3 and SiC is possible.  
• Industrial wastes like fly ash and cement by-pass dust (CBPD) can also be 
gainfully utilized for the composite making purpose. 
• Incorporation of these fillers modifies the tensile, flexural, impact and inter-
laminar shear strengths of the glass polyester composites.  
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• The micro-hardness and density of the composites are also greatly 
influenced by the type and content of fillers. 
 
The next chapter presents the development of a theoretical model for estimation of 
wear rate of polymer composites during solid particle erosion.   
 
******* 
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Chapter 5 
DEVELOPMENT OF A THEORETICAL MODEL FOR EROSION 
WEAR RATE ESTIMATION   
 
Introduction  
This chapter presents the development of a mathematical model for estimating the 
rate of erosion wear caused by solid particle impact.  
 
5.1 Nomenclature 
The following symbols are used in this thesis: 
 
2r chord length of the indentation (m) 
d  erodent diameter (m) 
δ  indentation depth (m) 
ev volumetric wear loss per particle impact (m
3) 
EV total volumetric erosion wear rate (m
3/sec) 
α  angle of impingement (degree) 
V impact velocity (m/sec) 
P force on the indenter (N) 
Hv hardness (N/m
2) 
m mass of single erodent particle (kg) 
M mass flow rate of the erodent (kg/sec) 
N number of impact per unit time (sec-1) 
ρc density of composite (kg/m
3) 
ρ  density of erodent (kg/m3) 
ηnormal erosion efficiency with normal impact 
η  erosion efficiency 
Erth erosion wear rate (kg/kg) 
 
5.2 Development of theoretical model 
Solid particle erosion is a wear process in which the material is removed from a 
surface by the action of a high velocity stream of erodent particles entrained in a high 
velocity fluid stream. The particles strike against the surface and promote material 
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loss. During flight, a particle carries momentum and kinetic energy which can be 
dissipated during the impact due to its interaction with a target surface. As far as 
erosion study of polymer matrix composites is concerned, no specific model has 
been developed and thus the study of their erosion behaviour has been mostly 
experimental. However, Mishra [253] proposed a mathematical model for material 
removal rate in abrasive jet machining process in which the material is removed from 
the work piece in a similar fashion. This model assumes that the volume of material 
removed is same as the volume of indentation caused by the impact. This has a 
serious limitation as in a real erosion process the volume of material removed is 
actually different from the indentation volume. Further, this model considers only the 
normal impact i.e α = 900 whereas in actual practice, particles may impinge on the 
surface at any angle ( 00 900 ≤≤α ). The proposed model addresses these 
shortcomings in an effective manner. It considers the real situation in which the 
volume of material removed by erosion is not same as the volume of material 
displaced and therefore, additional term “erosion efficiency (η)” is incorporated in the 
erosion wear rate formulation. In the case of a stream of particles impacting a 
surface normally (i.e. at α=900), erosion efficiency (ηnormal) defined by Sundararajan 
et. al [254] is given as  
2
2
V
ErHv
normal ρ
η =                                                (5.1) 
But considering impact of erodent at any angle α to the surface, the actual erosion 
efficiency can be obtained by modifying Eq. (5.1) as  
αρ
η
22
2
SinV
ErHv
=                                                                                                          (5.2) 
The model is based on the assumption that the kinetic energy of the impinging 
particles is utilized to cause micro-indentation in the composite material and the 
material loss is a measure of the indentation. The erosion is the result of cumulative 
damage of such non-interacting, single particle impacts. The model further assumes 
the erodent particles to be rigid, spherical bodies of diameter equal to the average 
grit size. It considers the ductile mode of erosion and assumes the volume of 
material lost in a single impact is less than the volume of indentation. The model is 
developed with the simplified approach of energy conservation which equals the 
erodent kinetic energy with the work done in creating the indentation. 
The model for ductile mode erosion proceeds as follows. 
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From the geometry of Figure 5.1, δ×= dr 2  
 
 
Figure 5.1.  Scheme of material removal mechanism 
The volume of indentation = 


 −
32
2 δπδ
d
 
So, the volumetric wear loss per particle impact is given by 
ev = Volume of indentation×η  
 = η ×  


 −
32
2 δπδ
d
  and neglecting δ3 terms 
 = η
δπ
×
2
.. 2d
      
Since δ represents a very small depth of indentation, δ3 term can be neglected.  
Considering N number of particle impacts per unit time, the volumetric erosion wear 
loss will be  
η
δπ
×= N
d
EV
2
.. 2
                                                                                                   (5.3) 
The impact velocity will have two components; one normal to the composite surface 
and one parallel to it. At zero impact angles, it is assumed that there is negligible 
wear because eroding particles do not practically impact the target surface [255]. 
Consequently, there will be no erosion due to the parallel component and the 
indentation is assumed to be caused entirely by the component normal to the 
composite surface as shown in Figure 5.2.  
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Figure 5.2.  Resolution of impact velocity in normal and parallel directions. 
 
Now applying conservation of energy to the single impact erosion process, kinetic 
energy associated with the normal velocity component of a single erodent particle is 
equal to the work done in the indentation of composite. The energy of impact 
introduces a force P on the indenter to cause the indentation in the composite. Thus, 
δα ..
2
1
sin
2
1 22 Pmv =                                                                                                  (5.4)  
So,  δπαρ
π
)(
2
1
sin)
6
(
2
1 222
3
VHrv
d
=   
On solving; 
VH
dV
6
sin. 2222 αρδ =                                                                                                  (5.5) 
The number of erodent particle impacting the target is estimated from the known 
value of erodent mass flow rate, M as 
ρ
π
6
3d
M
N =                                                                                                               (5.6) 
Substituting the value of δ in Eq. (5.3) 
η
ρπ
ραπ
.
.
6.
.
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Erosion rate (Er) defined as the ratio of mass lost due to erosion to the mass of 
erodent is now expressed as: 
 
V
C
R
H
SinV
E
2
... 22 αηρ
=                                                                             (5.7)         
 
The mathematical expression in Eq. (5.7) can possible be used for predictive 
purpose to make an approximate assessment of the erosion damage from the 
composite surface.   
 
Chapter summary: 
 
• This chapter has provided a theoretical model for estimation of wear rate in an 
erosion process. But since, material removal by impact erosion wear involves 
complex mechanisms; a simplified theoretical model for such a process may 
appear inadequate unless its assessment against experimental results is 
made. So for the validation of the proposed model, erosion tests on the 
composites are to be conducted at various operating conditions.       
 
The next chapter presents the erosion test results of the polyester composites under 
this study. 
 
******* 
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Chapter 6  
STUDY ON EROSION WEAR CHARACTERISTICS OF  
GLASS-FIBER POLYESTER COMPOSITES 
 
Introduction  
The objective of this chapter is to validate the theoretical erosion model proposed in 
the previous chapter through experimental investigation.  The test results of erosion 
trials carried out on the three glass-polyester composites A1, B1 and C1 (without 
particulate filling) are given. The Taguchi analysis and the artificial neural network 
(ANN) implementation are also presented followed by a genetic algorithm (GA) 
approach.  
 
6.1 Erosion test results 
Steady state erosion 
The erosion curves are plotted (Figure 6.1) from the results of erosion tests 
conducted for different impingement angle keeping all other parameters constant 
(impact velocity = 32m/sec, stand-off distance = 120 mm and erodent size = 300 
µm). It can be seen that the peaks of erosion rates are located at an angle of 600 for 
all the samples irrespective of fiber content. This shows semi-ductile erosion 
behaviour of the composite. It is further noted in Figure 6.1 that with increased fiber 
content the erosion rate of the composites is greater. This can be attributed to the 
fact that the harder the material, larger is the fraction of the crater volume that is 
removed [254]. In this investigation higher hardness values have been recorded for 
composites with higher fiber loading and this is one reason why the composites 
exhibit declining erosion resistance with the increase in fiber content. 
 
Erosion wear behaviour of materials can be grouped as ductile and brittle categories 
although this grouping is not definitive. Thermoplastic matrix composites usually 
show ductile behaviour and have the peak erosion rate at around 300 impingement 
angle because cutting mechanism is dominant in erosion. While the thermosetting 
ones erode in a brittle manner with the peak erosion occurring at normal impact. 
However, there is a dispute about this failure classification as the erosive wear 
behaviour depends strongly on the experimental conditions and the composition of 
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the target material [256]. Figure 6.1 also shows the dependence of the erosion rate 
of polyester composites with different fiber content on the impingement angle. The 
curves are plotted with the results of erosion tests conducted for different 
impingement angle keeping all other parameters constant (impact velocity = 
32m/sec, stand-off distance = 120mm and erodent size = 300µm). It can be seen 
that the peaks of erosion rates are located at an angle of 600 for all the samples 
irrespective of fiber content. This shows semi-ductile erosion behavior of the 
composite. It is further noted (Fig. 6.1) that the erosion rate increases with increase 
in fiber content. Sundararajan et al. [210] concluded that this behavior is attributed to 
the fact that the harder the material, larger is the fraction of the crater volume that is 
removed. In this investigation higher hardness values have been noted for 
composites with higher fiber loading and this is therefore the reason why the 
composites exhibit declining erosion resistance with the increase in fiber content. 
 
Figure 6.1. Erosion rate vs. Angle of impingement for different fiber loading 
6.2 Surface morphology 
To identify the mode of material removal, the morphologies of eroded surfaces are 
studied under scanning electron microscope. Figure 6.2 presents the microstructure 
of the composite eroded at high impact velocity (58m/sec), at lower stand-off 
distance (120mm) and at an impingement angle of 600. It shows local removal of 
resin material from the impacted surface resulting in exposure of the fibers to the 
erodent flux. This micrograph also reveals that due to sand particle impact on fibers 
there is formation of transverse cracks that break these fibers. Figure 6.3 presents 
67 
the magnified microstructure of the composite eroded at the same conditions. Here 
the propagation of crack along transverse as well as longitudinal direction is well 
visualized. On comparing this micro-structure with that of the same composite 
eroded at a lower impact velocity (45m/sec), higher stand-off distance (240mm) and 
higher impingement angle (900), it can be seen that in the second case the breaking 
of glass fibers is more prominent (Figure 6.4). It appears that cracks have grown on 
the fibers giving rise to breaking of the fibers into small fragments. Further the cracks 
have been annihilated at the fiber matrix interface and seem not to have penetrated 
through the matrix. Change in impact angle from oblique to normal changes the 
topography of the damaged surface very significantly. Figure 6.4 shows the 
dominance of micro-chipping and micro-cracking phenomena. It can be seen that 
multiple cracks originate from the point of impact, intersect one another and form 
wear debris due to brittle fracture in the fiber body. After repetitive impacts, the 
debris in platelet form are removed and account for the measured wear loss. The 
occurrence of peak erosion rate at 600 impact is understandable. In this case, both 
abrasion and erosion processes play important roles. The sand particles after 
impacting, slide on the surface and abrade while dropping down. The wear and 
subsequently the damage are therefore more than that in the case of normal impact. 
Marks of micro-ploughing on the ductile polyester matrix region seen in Figure 6.3 
support this argument.  
 
Figure 6.2.SEM micrograph of GF Polymer composite eroded surface (impact                              
velocity 58m/sec, fiber loading 50 wt%, S.O.D 120mm, impingement 
angle 600 and erodent size 300µm). 
Transverse crack  
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 Figure 6.3. SEM micrograph of GF Polymer composite eroded surface (impact 
velocity 58m/sec, fiber loading 50%, S.O.D 120mm, impingement angle 
600 and erodent size 300µm) 
 
Figure 6.4. SEM micrograph of GF Polymer composite eroded surface (impact 
velocity 45m/sec, fiber loading 50%, S.O.D 240mm, impingement angle 
900 and erodent size 300µm). 
 
A possible reason for the semi-ductile erosion behaviour exhibited by the polyester 
based composites in the present investigation is that the glass fibers used as 
reinforcements for polyester matrix are a typical brittle material.  Their erosion is 
caused mostly by damage mechanism such as micro-cracking. Such damage is 
supposed to increase with the increase of kinetic energy loss of the impinging sand 
Fiber Fragmentation 
Crack Propagation  
(longitudinal and transverse)  
    Micro-ploughing on ductile matrix 
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particles. According to Hutchings et al. [257], kinetic energy loss is a maximum at 
normal impact, where erosion rates are highest for brittle materials. In the present 
study also, the peak erosion rate shifts to a larger value of impingement angle (600) 
and it is clearly due to the brittle nature of glass fibers. So although polyester is a 
ductile material , the presence of fibers makes the composite relatively more 
sensitive to impact energy which increases when the impact mode pattern  changes 
from tangential (α = 00  ) to normal (α = 900) . This explains the semi-ductile nature of 
the glass-polyester composites with respect to solid particle erosion.  
 
From Table 6.1, the overall mean for the S/N ratio of the erosion rate is found to be -
48.97 db. Figure 6.5 shows graphically the effect of the six control factors on erosion 
rate. The analysis was made using the popular software specifically used for design 
of experiment applications known as MINITAB 14. Before any attempt is made to use 
this simple model as a predictor for the measures of performance, the possible 
interactions between the control factors must be considered. Thus factorial design 
incorporates a simple means of testing for the presence of the interaction effects.  
Analysis of the result leads to the conclusion that factor combination of A1(A= impact 
velocity 32 m/sec), B2 (B = Fiber content 40%), C1 (C = Stand-off Distance 120mm), 
D1 (D=Impingement angle 30
0)and E2 (E = Erodent size 500 µm ) gives minimum 
erosion rate is shown in Figure 6.5. 
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Figure 6.5. Effect of control factors on erosion rate (for unfilled glass polyester  
                            composites) 
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In the main effect of control factors on erosion rate plot if the line for a particular 
factor is near horizontal, then the factor has no significant effect. On the other hand, 
a factor for which the line has the highest inclination will have the most significant 
effect. It is very much clear from the Figure 6.5 that factor B (Fiber loading), factor E 
(Erodent size) and factor D (impingement angle) are the most significant factor while 
factor A (impact velocity) and factor C (stand-off distance) have relatively less 
significant influence. As far as the interaction graphs are concerned, estimating an 
interaction means determining the non-parallelism of factor effects. Thus, if the lines 
on the interaction graphs are non-parallel, interaction occurs and if the lines cross, 
strong interaction occurs between factors.  
 
Table 6.1. Experimental design using L27 orthogonal array (for unfilled glass  
                         polyester composites) 
Sl. 
No 
Impact 
Velocity(A) 
(m/sec) 
Fiber 
loading(B) 
(%) 
Stand-off 
Distance(C) 
(mm) 
Impingement 
angle(D) 
(Degree) 
Erodent 
size (E) 
(µm) 
Erosion 
rate (Er) 
mg/kg 
S/N 
Ratio 
(db) 
1 32 30 120 30 300 309.83  -49.8225 
2 32 30 180 60 500 315.25  -49.9731 
3 32 30 240 90 800 305.19  -49.6914 
4 32 40 120 60 500 186.07  -45.3936 
5 32 40 180 90 800 272.79  -48.7166 
6 32 40 240 30 300 230.96  -47.2707 
7 32 50 120 90 800 287.69  -49.1785 
8 32 50 180 30 300 279.85  -48.9385 
9 32 50 240 60 500 255.25  -48.1393 
10 45 30 120 60 800 288.86  -49.2137 
11 45 30 180 90 300 249.80  -47.9518 
12 45 30 240 30 500 255.25  -48.1393 
13 45 40 120 90 300 239.76  -47.5955 
14 45 40 180 30 500 249.18  -47.9304 
15 45 40 240 60 800 298.23  -49.4910 
16 45 50 120 30 500 261.17  -48.3385 
17 45 50 180 60 800 364.31  -51.2294 
18 45 50 240 90 300 389.94  -51.8201 
19 58 30 120 90 500 315.10  -49.9690 
20 58 30 180 30 800 245.19  -47.7901 
21 58 30 240 60 300 219.89  -46.8441 
22 58 40 120 30 800 261.27  -48.3418 
23 58 40 180 60 300 239.76  -47.5955 
24 58 40 240 90 500 210.66  -46.4716 
25 58 50 120 60 300 369.47  -51.3516 
26 58 50 180 90 500 452.81  -53.1183 
27 58 50 240 30 800 391.45  -51.8535 
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From Fig. 6.6, it can be seen that there is strong interaction between the parameters 
A and B while there is moderate interaction between the parameters A and C, and 
between B and C as shown in Figures 6.7 and 6.8. Thus from the present analysis it 
is clear that B (fiber content) and E (erodent size) are the most influencing factors for 
wear characteristics of glass fiber reinforced polyester composites.  
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Figure 6.6. Interaction graph between A×B for erosion rate (for unfilled glass 
                         polyester composites) 
A
S
N
 r
a
ti
o
s
584532
-48.0
-48.5
-49.0
-49.5
-50.0
C
24
12
18
Interaction Plot (data means) for SN ratios
Signal-to-noise: Smaller is better
 
Figure 6.7. Interaction graph between A×C for erosion rate (for unfilled glass  
                         polyester composites) 
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Figure 6.8. Interaction graph between B×C for erosion rate (for unfilled glass  
                         polyester composites) 
 
Similar observation is made in the surface plots of erosion rate with significant 
control factors [Figures 6.9a, 6.9b, and 6.9c]. From this analysis it is concluded that 
among all the factors, stand-off distance is most insignificant while impact velocity 
has relatively less significance compared to the other remaining factors. Figure 
(6.9a) shows the significant interaction between impact velocity and fiber loading for 
minimization of erosion rate. The main effects plot for S/N ratio for erosion rate 
indicates the selection of medium fiber loading (40%), lower impact velocity 
(32m/sec) and lower stand-off distance (120mm) results in the best combination to 
get minimum erosion rate, within the selected range of experiment. Using Figure 6.5 
for S/N ratio, the optimum combination of significant control factors is A1 (A= impact 
velocity 32 m/sec), B2 (B = Fiber content 40%) and C1 (C = Stand-off Distance 
120mm). Surface response plot Figure 6.9d indicates that minimum erosion rate can 
be achieved in composite with medium fiber loading eroded at smaller impact 
velocity region. 
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Figure 6.9a. Surface plot of erosion rate vs. A×B interaction (for unfilled glass  
                           polyester composites) 
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Figure 6.9b. Surface plot of erosion rate vs. A×C interaction (for unfilled glass  
                           polyester composites) 
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Figure 6.9c. Surface plot of erosion rate vs. B×C interaction (for unfilled glass  
                           polyester composites) 
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Figure 6.9d. Surface response plot for fiber loading × impact velocity interaction 
 
6.3 Erosion efficiency 
The hardness alone is unable to provide sufficient correlation with erosion rate, 
largely because it determines only the volume displaced by each impact and not 
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really the volume eroded. Thus a parameter which will reflect the efficiency with 
which the volume that is displaced is removed should be combined with hardness to 
obtain a better correlation. The erosion efficiency is obviously one such parameter. In 
the case of a stream of particles impacting a surface normally (i.e. at α=900), erosion 
efficiency (ηnormal) defined by Sundararajan et. al. [254] is given as  
 
2
2
V
ErHv
normal ρ
η =                             (6.1) 
 
But considering impact of erodent at any angle α to the surface, the actual erosion 
efficiency (η) can be obtained by modifying Eq. (6.1) as  
 
αρ
η
22
2
SinV
ErHv
=                                                                                                          (6.2)                                           
 
where Er the erosion rate (kg/kg), Hv the hardness of target material (Pa), ρ the 
density of the erodent (kg/m3) and V the impact velocity (m/sec).  
 
The values of erosion efficiencies of these composites (A1, B1 and C1) calculated 
using Eq. (6.2) are summarized in Table 6.2 along with their hardness values and 
operating conditions. It clearly shows that erosion efficiency is not exclusively a 
material property; but also depends on other operational variables such as 
impingement angle and impact velocity. The erosion efficiencies (Table 6.2) of these 
composites under normal impact (ηnormal) vary from 3 to 6%, 6-9% and 9-12% for 
impact velocities 58m/sec, 45m/sec and 32m/sec respectively. The value of η for a 
particular impact velocity under oblique impact can be obtained simply by multiplying 
a factor 1/Sin2α with ηnormal.  Similar observation on velocity dependence of erosion 
efficiency has previously been reported by few investigators [108]. 
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Table 6.2. Erosion efficiency of GF-reinforced polyester resin 
 
 
 
Sl. 
No. 
Impact 
Velocity 
(V) m/sec 
Density of  
eroding material 
(ρ) kg/m3 
Hardness of 
eroding material 
(Hv) MPa 
Erosion rate 
(Er)  
mg/kg 
Erosion 
efficiency 
 (η) 
1 32 1738 32 309.83 43.70689 
2 32 1738 32 315.25 12.83002 
3 32 1738 32 305.19 10.76308 
4 32 1874 34 186.07 7.462040 
5 32 1874 34 272.79 9.479905 
6 32 1874 34 230.96 32.10497 
7 32 1932 39 287.69 11.12368 
8 32 1932 39 279.85 43.28217 
9 32 1932 39 255.25 11.38925 
10 45 1738 32 288.86 5.944763 
11 45 1738 32 249.80 4.454857 
12 45 1738 32 255.25 18.20820 
13 45 1874 34 239.76 4.213340 
14 45 1874 34 249.18 17.51554 
15 45 1874 34 298.23 6.047942 
16 45 1932 39 261.17 20.42593 
17 45 1932 39 364.31 8.220070 
18 45 1932 39 389.94 7.624237 
19 58 1738 32 315.10 3.382663 
20 58 1738 32 245.19 10.52866 
21 58 1738 32 219.89 2.724091 
22 58 1874 34 261.27 11.05526 
23 58 1874 34 239.76 2.926861 
24 58 1874 34 210.66 2.228443 
25 58 1932 39 369.47 5.018254 
26 58 1932 39 452.81 5.329466 
27 58 1932 39 391.45 18.42909 
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The theoretical erosion wear rates (Erth) of the polyester-GF composites are 
calculated using Eq. 5.7. These values are compared with those obtained from 
experiments (Erexpt) conducted under similar operating conditions. Usually seventy 
five percent data (patterns) is used for training and twenty five percent for testing. 
The parameters of three layer architecture of ANN model are set as input node = 5, 
output node = 1, hidden node = 12, learning rate = 0.01, momentum parameter = 
0.03, number of epochs = 20, 0000 and a set of predicted output (ErANN) is obtained. 
Table 6.3 presents a comparison among the theoretical, experimental and the ANN 
predicted results. The errors calculated with respect to the theoretical results are also 
given.  It is observed that maximum error between theoretical and experimental wear 
rate is 0-10%, whereas same between ANN prediction and experimental wear rate is 
0-14%. The error in case of ANN model can further be reduced if number of test 
patterns is increased. However, present study demonstrates application of ANN for 
prediction of wear rate in a complex process of solid particle erosion of polymer 
composites.   
 
The magnitude of η can be used to characterize the nature and mechanism of 
erosion. For example, ideal microploughing involving just the displacement of the 
material from the crater without any fracture (and hence no erosion) will results in 
η=0. In contrast, if the material removal is by ideal micro-cutting, η=1.0 or 100%. If 
erosion occurs by lip or platelet formation and their fracture by repeated impact, as is 
usually the case in the case of ductile materials, the magnitude of η will be very low, 
i.e η ≤  100%. In the case of brittle materials, erosion occurs usually by spalling and 
removal of large chunks of materials resulting from the interlinking of lateral or radial 
cracks and thus η can be expected to be even greater than 100% [249]. The erosion 
efficiencies of the composites under the present study indicate that at low impact 
speed the erosion response is semi-ductile (η=10-100%). On the other hand at 
relatively higher impact velocity the composites exhibit ductile (η < 10%) erosion 
behavior [108].  
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Table 6.3. Comparison of theoretical, experimental and ANN results (for unfilled                         
                  glass polyester composites) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Expt. 
No. 
Erth 
(mg/kg) 
Erexpt. 
(mg/kg) 
ErANN 
(mg/kg) 
Error (%) 
100
exp ×
−
rth
trrth
E
EE
 
Error (%) 
100×
−
rth
rANNrth
E
EE
 
1 314.84 309.83 340.33 1.5912 8.0945 
2 321.69 315.25 308.95 2.0019 3.9601 
3 304.17 305.19 291.93 0.3353 4.0226 
4 201.98 186.07 176.31 7.8765 12.711 
5 271.78 272.79 295.34 0.3716 8.6687 
6 238.45 230.96 269.54 3.1411 13.038 
7 286.69 287.69 251.33 0.3488 12.332 
8 296.75 279.85 258.51 5.6950 12.886 
9 276.81 255.25 292.07 7.7887 5.5125 
10 309.29 288.86 289.53 6.6054 6.3882 
11 248.76 249.80 267.10 0.4180 7.3727 
12 266.73 255.25 238.76 4.3039 10.485 
13 238.76 239.76 233.65 0.4188 2.1385 
14 257.34 249.18 251.49 3.1693 2.2722 
15 319.46 298.23 321.04 6.6455 0.4947 
16 289.38 261.17 293.27 9.7484 1.3438 
17 378.38 364.31 327.33 3.7184 13.491 
18 387.95 389.94 351.06 0.5155 9.5067 
19 314.14 315.10 272.29 0.3056 13.321 
20 259.21 245.19 248.82 5.4087 4.0069 
21 227.76 219.89 206.00 3.4553 9.5529 
22 281.37 261.27 318.62 7.1436 13.239 
23 248.75 239.76 277.37 3.6140 12.312 
24 209.66 210.66 229.48 0.4769 9.4519 
25 387.34 369.47 349.40 4.6135 9.7947 
26 451.81 452.81 391.23 0.2213 13.408 
27 405.27 391.45 363.25 3.4101 10.369 
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6.4 ANOVA and the effects of factors 
In order to understand a concrete visualization of impact of various factors and their 
interactions, it is desirable to develop analysis of variance (ANOVA) table to find out 
the order of significant factors as well as interactions. Table 6.4 shows the results of 
the ANOVA with the erosion rate. This analysis was undertaken for a level of 
confidence of significance of 5 %. The last column of the table indicates that the 
main effects are highly significant (all have very small p-values). 
 
Table 6.4. ANOVA table for erosion rate (without particulate fillers) 
Source DF Seq SS Adj SS Adj MS F P 
A 2 2.3056    2.3056    1.1528    1.88   0.265 
B 2 35.4646   35.4646   17.7323   28.95   0.004 
C 2 1.0737    1.0737    0.5369    0.88   0.483 
D 2 2.4297    2.4297    1.2149    1.98   0.252 
E 2 3.9765    3.9765    1.9882    3.25   0.145 
A*B 4 21.5781   21.5781    5.3945    8.81   0.029 
A*C 4 7.5740    7.5740    1.8935    3.09   0.150 
B*C 4 7.1630    7.1630    1.7908    2.92   0.162 
Error 4 2.4498    2.4498    0.6125  
Total 26 84.0150  
 
From Table 6.4, one can observe that the fiber loading (p=0.004), erodent size 
(p=0.145), impingement angle (p=0.252) and impact velocity (p=0.265) have great 
influence on erosion rate. The interaction of impact velocity × fiber loading (p=0.029) 
shows significance of contribution on the erosion rate and the factor stand-off 
distance (p=0.493) and impact velocity×stand-off distance (p=0.150), fiber loading 
×stand-off distance (p=0.162) present less significance of contribution on erosion 
rate.  
 
6.5 Confirmation experiment 
The confirmation experiment is the final test in the design of experiment process. 
The purpose of the confirmation experiment is to validate the conclusions drawn 
during the analysis phase. The confirmation experiment is performed by conducting 
a new set of factor settings A2B3D2E3 to predict the erosion rate. The estimated S/N 
ratio for erosion rate can be calculated with the help of following prediction equation: 
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( ) )3.6()()]()()[()()(ˆ 323232321 TETDTBTATBATBTAT −+−+−−−−−+−+−+=η
 
1η                              Predicted average 
T                       Overall experimental average 
3232 ,, EandDBA        Mean response for factors and interactions at designated levels. 
By combining like terms, the equation reduces to                                     
TEDBA 232321 −++=η                                   (6.4) 
A new combination of factor levels A2, B3, D2 and E3 is used to predict deposition 
rate through prediction equation and it is found to be .
1
50.8283- dB=η For each 
performance measure, an experiment was conducted for a different factors 
combination and compared with the result obtained from the predictive equation as 
shown in Table 6.5. 
 
Table 6.5. Results of the confirmation experiments for erosion rate (without       
                 particulate fillers) 
             Optimal control parameters 
     Prediction                    Experimental 
Level     A2 B3D2E3          A2 B3D2E3 
S/N ratio for Erosion rate (db)      -50.8283         -49.5677 
 
The resulting model seems to be capable of predicting erosion rate to a reasonable 
accuracy. An error of 2.48 % for the S/N ratio of erosion rate is observed. However, 
the error can be further reduced if the number of measurements is increased. This 
validates the development of the mathematical model for predicting the measures of 
performance based on knowledge of the input parameters. 
 
6.6 Factor settings for minimum erosion rate 
In this study, an attempt is made to derive optimal settings of the control factors for 
minimization of erosion rate. The single-objective optimization requires quantitative 
determination of the relationship between erosion rates with combination of control 
factors. In order to express, erosion rate in terms of mathematical model in the 
following form is suggested. 
 
BAKEKDKBKAKKEr ××+×+×+×+×+= 543210                          (6.5)                                                                                                                                                                                                                          
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Here, Er is the performance output terms and Ki (i = 0, 1………..5) are the model 
constants. The constant are calculated using non-linear regression analysis with the 
help of SYSTAT 7.0 software and the following relations are obtained.  
 
ABEDBAEr 221.1078.0088.0387.1633.1521.1 +++−−=     
                        r2=0.98           (6.6)             
The correctness of the calculated constants is confirmed as high correlation 
coefficients (r2) in the tune of 0.98 are obtained for Eq. (6.6) and therefore, the 
models are quite suitable to use for further analysis. Here, the resultant objective 
function to be maximized is given as: 
Maximize    Z = 1/ f                       (6.7)                                                                                             
                 f                Normalized function for erosion rate                                                                                
Subjected to constraints: 
                      Amin <    A   <   Amax                                                                           (6.8) 
                      Bmin <    B   <   Bmax                (6.9) 
                      Dmin <    D   <   Dmax                                       (6.10)                                                                                  
                      Emin <    E   <   Emax                                                                        (6.11) 
the min. and max. in Eqs.6.8-6.11 shows the lowest and highest control factors 
settings (control factors) used in this study (Table 3.4). 
 
Genetic algorithm (GA) is used to obtain the optimum value for single-objective 
outputs to optimize the single-objective function. The computational algorithm is 
implemented in Turbo C++ and run on an IBM Pentium IV machine. Genetic 
algorithms (GAs) are mathematical optimization techniques that simulate a natural 
evolution process. They are based on the Darwinian Theory, in which the fittest 
species survives and propagate while the less successful tend to disappear. Genetic 
algorithm mainly depends on three types of operator’s viz., reproduction, crossover 
and mutation. Reproduction is accomplished by copying the best individuals from 
one generation to the next, what is often called an elitist strategy. The best solution is 
monotonically improving from one generation to the next. The selected parents are 
submitted to the crossover operator to produce one or two children. The crossover is 
carried out with an assigned probability, which is generally rather high. If a number 
randomly sampled is inferior to the probability, the crossover is performed. The 
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genetic mutation introduces diversity in the population by an occasional random 
replacement of the individuals. The mutation is performed based on an assigned 
probability. A random number is used to determine if a new individual will be 
produced to substitute the one generated by crossover. The mutation procedure 
consists of replacing one of the decision variable values of an individual while 
keeping the remaining variables unchanged. The replaced variable is randomly 
chosen and its new value is calculated by randomly sampling within its specific 
range. In genetic optimization, population size, probability of crossover and mutation 
are set at 50, 75 %, and 5 % respectively for all the cases. Number of generation is 
varied till the output is converted.  
 
Table 6.6. Optimum conditions for performance output (without particulate fillers) 
 
Table 6.6 shows the optimum conditions of the control factors with optimum 
performance out put gives a better combination of set of input control factors. The 
pattern of convergence of performance output with number of generations is shown 
in Figure 6.10. 
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Figure 6.10. Convergence graph (for unfilled glass polyester composites) 
Control factors and Performance  characteristics                                Optimum conditions  
A: Impact velocity (m/sec) 
B: Fiber loading (%) 
D: Impingement angle (degree) 
E: Erodent size (µm) 
33.15 
41.02 
59.45 
500.0 
     Erosion rate (mg/kg) 364.72 
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Chapter summary: 
 
This chapter has provided:   
• The analytical and experimental investigation into the erosion behavior of 
glass fiber reinforced polyester composites leading to the following major 
conclusions: 
1. Solid particle erosion characteristics of these composites can be successfully 
analyzed using Taguchi experimental design scheme.   
2. The results indicate that erodent size, fiber loading, impingement angle and 
impact velocity are the significant factors in a declining sequence affecting the 
erosion wear rate.  
3. The composites exhibit semi-ductile erosion characteristics with the peak 
erosion wear occurring at 600 impingement angle.  
4. The erosion efficiency (η) values obtained experimentally also suggest that 
the glass fiber reinforced polyester composites exhibit semi-ductile erosion 
response (η =10-60%) for low impact velocities. However, for relatively high 
impact velocity, they present a ductile erosion response (η < 10%).  
 
The next chapter presents a detailed study on the erosion wear characteristics of a 
series of particulate filled glass polyester composites.   
 
 
******* 
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Chapter 7  
STUDY ON EROSION WEAR CHARACTERISTICS OF  
PARTICULATE FILLED GLASS-FIBER POLYESTER COMPOSITES 
 
Introduction  
This chapter reports a detailed study on the effect of particulate fillers on the solid 
particle erosion characteristics of glass-polyester composites. The test results of 
erosion trials carried out on the glass-polyester hybrid composites (C1-C9) are 
presented and compared with the calculated values obtained from the theoretical 
model proposed in chapter-5. Besides, the critical analysis of the experimental 
results using Taguchi model and the artificial neural network (ANN) is also presented 
followed by the determination of optimal factor settings using genetic algorithm (GA). 
The relative performance of non-conventional fillers (industrial wastes such as: flyash 
and cement by-pass dust) against the conventional ceramic (alumina and silicon 
carbide) fillers is discussed.   
 
7.1 Steady state erosion 
The variation of erosion wear rate of the composites with angle of impingement is 
studied keeping all other parameters at fixed levels. Figure 7.1 presents this variation 
for composites C2 (Polyester +50wt% glass fiber + 10wt% flyash), C4 (Polyester 
+50wt% glass fiber +10wt% Alumina), C6 (Polyester +50wt% glass fiber +10wt% 
SiC) and C8 (Polyester +50wt% glass fiber +10wt% CBPD) with filler content 10 wt% 
and compares with that of the unfilled composite C1(Polyester +50wt% glass fiber). 
Similarly, the dependence of erosion rate on angle of impact for composites C3 
(Polyester +50wt% glass fiber +20wt% flyash), C5 (Polyester +50wt% glass fiber 
+20wt% Alumina), C7 (Polyester +50wt% glass fiber +20wt% SiC) and C9 (Polyester 
+50wt% glass fiber +20wt% CBPD) with filler content 20 wt% are shown in Figure 
7.2. 
It is clear from these figures that in solid particle erosion, the rate of material loss of 
glass polyester composites reduces significantly with the addition of hard particulate 
fillers into the matrix. This improvement in the wear resistance depends on the type 
and content of filler.  The composites with alumina filling show better erosion 
resistance than the composites filled with other three fillers. 
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Figure 7.1. Erosion rate vs. angle of impingement for different fillers. 
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Figure 7.2. Erosion rate vs. angle of impingement for different fillers. 
 
The reduction in material loss in these particle filled composites can be attributed to 
two reasons. One is the improvement in the bulk hardness of the composite with 
addition of these hard ceramic particles. Secondly, during the erosion process, the 
filler particles absorb a good part of the kinetic energy associated with the erodent. 
This results in less amount of energy being available to be absorbed by the matrix 
body and the reinforcing glass fiber phase. These two factors together lead to 
enhancement of erosion wear resistance of the composites.   
    
The behaviour of ductile materials like polymers is characterized by maximum 
erosion rate at low impingement angles (150 to 300). Brittle materials, on the other 
show maximum erosion under normal impingement angle (900). Reinforced 
composites have been shown, however, to exhibit a semi-ductile behaviour with 
maximum erosion occurring in the angular range 450- 600 [258]. In the present work 
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also, the erosion results presented in Figures 7.1 and 7.2 show the peak erosion 
taking place at an impact angle of 600 for all the composites except for C6 and C7. 
For these two composites with SiC fillers, the maximum erosion has been recorded 
at an impact angle of 750. Thus, the composites under this study clearly exhibit semi-
ductile erosion behaviour. The loss of ductility may be attributed partly to the 
presence of fillers and largely to the reinforcement of brittle glass fibers in all these 
composites.  This can further be explained as follows: the erosion of fibers is mainly 
caused by damage mechanisms as micro-cracking or plastic deformation due to the 
impact of silica sand. Such damage is supposed to increase with the increase of 
kinetic energy loss. According to Hutchings et al. [257], kinetic energy loss is 
maximum at normal impact (900), where erosion rates are maximum for brittle 
materials. Hence, although the polymer matrix itself is ductile, the composites show 
semi-ductile or often semi-brittle erosion behaviour. Similar observations for 
polyphenylenesulphide (PPS) composites have been reported by Tamer et al. [259]. 
 
The variation of erosion wear loss confirms that the angle at which the stream of 
solid particles impinges the composite surface significantly influences the rate at 
which the material is removed. It further suggests that, this dependency is also 
influenced by the nature of the filler material. In fact, the angle of impact determines 
the relative magnitude of the two components of the impact velocity namely, the 
component normal to the surface and parallel to the surface. The normal component 
will determine how long the impact will last (i.e. contact time) and the load. The 
product of this contact time and the tangential (parallel) velocity component 
determines the amount of sliding that takes place. The tangential velocity component 
also provides a shear loading to the surface, which is in addition to the normal load 
that the normal velocity component causes. Hence as this angle changes the amount 
of sliding that takes place also changes the nature and magnitude of the stress 
system. Both of these aspects influence the way a composite wears out. This study 
therefore implies that composites with fillers of different type and content would 
exhibit different angular dependency.  
 
7.2 Surface morphology 
Erosion wear behaviour can be grouped as ductile and brittle categories although 
this grouping is not definitive. However, there is a dispute about this failure 
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classification as the erosive wear behaviour depends strongly on the experimental 
conditions and the composition of the target material [256]. To characterize the 
morphology of as-received and eroded surfaces and to identify the mode of material 
removal, the eroded samples are observed under scanning electron microscope. 
Figure 7.3a shows the surface of the flyash filled composite C2 eroded at an impact 
angle of 600. The erodent particle size, stand-off distance and the impact velocity are 
set at 300 µm, 240 mm and 58 m/sec respectively. In this micrograph, the crack 
formation and propagation are clearly visible along with groove formation, which 
implies the removal of bulk mass of materials from the surface. Figure 7.3b presents 
the micrograph of the same composite surface when eroded with bigger erodent 
(500 µm), lower stand-off distance (180 mm) and at lower impact velocity (32 m/sec). 
Here, a relatively small fraction of the material is seen to be removed from the 
surface although formation of large amount of grooves is visible. However, crack 
formation and propagation is not seen. This may be due to either large erodent size 
which do not help in crack formation or lower impact velocity that has not favoured 
the crack propagation.   
 
 
 
Figure 7.3a. Scanning electron micrograph of eroded composite surface (impact 
velocity 58m/sec, flyash content 20 %, S.O.D 240mm, impingement angle 
600 and erodent size 300µm). 
 
Groove formation 
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Figure 7.3b. Scanning electron micrograph of eroded composite surface (impact 
velocity 45m/sec, flyash content 10 %, S.O.D 180mm, impingement 
angle 300 and erodent size 500µm). 
 
Figure 7.4a shows a portion of the alumina filled composite C5 surface before 
erosion occurred. Scattered alumina particles are observed on the upper surface. As 
seen in the micrograph, the distribution of alumina particles is reasonably uniform 
although at places, these are seen to have formed small and big clusters. Figure 
7.4b shows the micrograph of surface eroded at an impingement angle of 600 and an 
impact velocity of 45 m/sec. A small portion of a fiber exposed during the sand 
erosion is noticed. The matrix covering the fiber seems to be chipped off and the 
crater thus formed shows the fiber body which is almost intact. Repeated impact of 
the erodent has caused roughening of the surface. Erosion along the fibers and 
clean removal of the matrix at the interface is observed in the magnified image given 
alongside. Figure 7.4c clearly shows the crater formation due to penetration of hard 
silica sand particles onto the surface and cause material removal mostly from the 
matrix regime. Small cracks and multiple fractures are also distinctly shown in this 
micrograph.  
 
Large number of smaller grooves 
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Figure 7.4a.  Scanning electron micrograph of uneroded composite surface (Alumina      
                      content 20 %). 
 
 
 
Figure 7.4b.  Scanning electron micrograph of eroded composite surface (impact  
                     velocity 45m/sec, alumina content 20 %, S.O.D 180 mm, impingement  
                      angle 600 and erodent size 800µm). 
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Figure 7.4c. Scanning electron micrograph of eroded composite surface (impact     
                     velocity 58 m/sec, alumina content 20 %, S.O.D 180 mm, impingement                         
                     angle 600 and erodent size 800µm). 
From SEM observations of the eroded surfaces of SiC filled glass polyester 
composites it appears that the composites exhibit several stages of erosion and 
material removal process. Figure 7.5a shows the plastic flow of matrix material along 
the erosion direction for the composite eroded at lower impact angle (α = 300). When 
impacting at such low angle, the hard erodent particles penetrate the surface and 
cause material removal mostly by micro-ploughing. It is possible to investigate the 
particle flow direction easily from the wear trace on the matrix body which is 
indicated by an arrow in this micrograph. The higher impact speed of 58 m/sec 
(Figure 7.5b) makes the sample surface remarkably rougher compared to that in 
case of lower impact speed of 32 m/sec (Figure 7.5a).  Subsequently the material 
removal becomes faster. The wear trace is distinctly visible and the protrusion of 
fibers beneath the matrix layer is seen. Figure 7.5c shows a portion of the composite 
surface eroded at an impact angle of 750. This is the case of maximum material loss 
due to impact erosion in case of SiC filling.  The matrix covering the fiber seems to 
be chipped off due to repeated impact of hard silica sand particles. A crater thus 
formed shows an array of almost intact fibers. After the local removal of matrix this 
array of fibers is exposed to erosive environment.  Figure 7.5d shows fragments of 
SiC particles and the fibers which are result of continued sand impact. The broken 
Multiple fractures 
Crater formation 
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fiber and carbide filler fragments are mixed with the matrix micro-flake debris and the 
damage of the composite is characterized by separation and detachment of this 
debris.  
 
 
Figure 7.5a. Scanning electron micrograph of the composite (with 20wt% SiC)                                                       
eroded at 300 impingement angle and 32m/sec impact velocity 
 
 
Figure 7.5b. Scanning electron micrograph of the composite (with 20wt% SiC) 
                    eroded at 300 impingement angle and 58 m /sec impact velocity. 
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Figure 7.5c.  Scanning electron micrograph of the composite (with 20wt% SiC) 
                          eroded at 750 impingement angle and 58m/sec impact velocity 
 
 
 
Figure 7.5d.Magnified scanning electron micrograph of the same composite showing 
fiber and filler fragmentation. 
 
Wear Debris Fragmented SiC particles 
Fiber fragmentation 
Array of exposed fibers 
92 
93 
 Figure 7.6a.Scanning electron micrograph of the uneroded composite C8 (10wt% 
CBPD)      
 
Figure 7.6a presents an SEM image of the uneroded surface of CBPD filled glass 
polyester composite. The presence of cement by-pass dust particles in the matrix 
body can be clearly seen in this micro-graph. The morphology appears to be 
indicating uniform distribution of filler materials although some small pores and voids 
can be seen.  
 
 
Figure 7.6b Scanning electron micrograph of the composite C8 (10 wt% CBPD) 
eroded at eroded at 600 impingement angle and 32 m/sec impact velocity 
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Scanning electron micrograph of the surface of composite C8 eroded at impingement 
angle of 600 in the steady-state wear regime is given in Figure 7.6b. The plastic flow 
of matrix material along the erosion direction is visible.  The micro-graph also shows 
formation of crack in the matrix instead of matrix debris (fiber breakage and removal 
of fiber).  This may be due to the low velocity of impact (32 m/sec) of the erodent 
particles. The crack propagation is clearly seen and weak bonding between the fibre, 
filler and the resin can possibly be the cause for these long and deep cracks on the 
worn surface. The same composite when eroded at a relatively larger impact velocity 
(58 m/sec), the micro-graph, Figure 7.6c   looks entirely different. Here, the extent of 
surface damage is higher as more fibres are detached from the matrix and the matrix 
is peeled seriously forming craters on the upper surface. This image also gives a 
clear indication of occurrence of plastic deformation of CBPD filled polyester matrix.    
 
 
Figure 7.6c. Scanning electron micrograph of the composite C8 (10 wt% CBPD) 
eroded at eroded at 600 impingement angle and 58 m/sec impact velocity 
Figure 7.6d illustrates the SEM image of the eroded surface of the composite C9. 
The plastic flow of CBPD filled matrix is seen to have taken place as in the case of 
composite C8 (Figure 7.5b) but with less amount of surface cracks. With the increase 
of CBPD content (20 wt%), this composite exhibits better erosion resistance (Figure 
7.2) but shows poorer tensile strength (Figure 4.6). A possible reason for this may be 
that the CBPD particles present in the matrix body carry most of the impact load 
imparted by the hard silica sand particles and prevent the rubbing-off of matrix 
Array of craters 
95 
surface, resulting in the reduction of wear of the composite. But at the same time the 
load stress might not be effectively transmitted from the matrix to fibers, which 
reduces the load-carrying capability (tensile strength) of the composite.  
 
Particle impingement produces a rise in temperature of the composite surface which 
makes the matrix deformation easy because the high temperature known to occur in 
solid particle erosion invariably soften the matrix [260]. On impact, the erodent 
particle kinetic energy is transferred to the composite body that leads to crater 
formation and subsequently material loss. The presence of hard fillers in the matrix 
helps in absorbing a good fraction of this kinetic energy and therefore energy 
available for the plastic deformation of polyester becomes less. 
 
 
Figure 7.6d. Scanning electron micrograph of the composite C8 (20 wt% CBPD) 
eroded at eroded at 600 impingement angle and 58 m/sec impact velocity 
The presence of particulate fillers in these composites improves their erosion wear 
resistance and this improvement depends on the type and content of the fillers. 
Among the four different fillers taken in this work, Al2O3 is found to be the best one 
as far as the improvement in the wear performance of the composites is concerned. 
This also delays the initiation of fiber exposure as compared to the composite without 
any filler. All these factors combined together result in exhibition of better erosion 
response by the particulate filled composites than that of unfilled glass-polyester 
composite.  
7.3 X-Ray diffraction study 
The X-ray diffraction patterns recorded for raw flyash particles and for the eroded 
composite C3 (20 wt% of fly ash) are shown in Figures 7.7a and 7.7b respectively. 
Crack 
formation 
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The XRD of the raw flyash exhibits distinct peaks which are assignable to various 
metal oxide phases such as quartz (SiO2), anatase (TiO2), corundum (Al2O3) and 
hematite (Fe2O3) present in it (Figure 7.7a). It is seen in Figure 7.7b that most of 
these phases are retained even after erosion of the flyash filled composite.   
 
Figure 7.7a. X-ray diffractogram of the raw flyash. 
 
Figure 7.7b. X-ray diffractogram of the eroded composite (20 wt% of fly ash). 
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Similarly, Figures 7.7c and 7.7d present the XRDs for the raw CBPD particles and 
the eroded composite C9 (20wt% of CBPD) respectively.  
 
Figure 7.7c. X-ray diffractogram of the raw CBPD. 
 
 
 
 
 
 
 
 
 
 
Figure 7.7d. X-ray diffractogram of the eroded composite (20 wt% of CBPD). 
The diffractogram (Figure 7.7c) indicates calcite (CaCO3) as the predominant phase 
in the cement by-pass dust. The presence of small amount of dolomite (CaMg(CO3)2) 
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apart from lime (CaO) and quartz (SiO2) is also evident. Again in this case, most of 
these phases are seen to be retained even after erosion of the CBPD filled 
composite. Careful analysis of all these diffractograms suggests that the composites 
exhibit semi-crystalline behaviour.   
7.4  Taguchi analysis 
In Tables 7.1a and 7.1b the erosion rates of different composites for all 27 test runs 
and their corresponding S/N ratios are given. Each value is in fact the average of two 
replications. The overall mean for the S/N ratios of composites reinforced with flyash, 
alumina, SiC and CBPD are found to be -48.88db, -46.33db, -48.45db and -48.31 db 
respectively. The analyses are made using the popular software specifically used for 
design of experiment applications known as MINITAB 14. Before any attempt is 
made to use this simple model as a predictor for the measure of performance, the 
possible interactions between the control factors must be considered. Thus, factorial 
design incorporates a simple means of testing for the presence of the interaction 
effects.  Where A, B, C, D and E are the input parameters such as A: impact velocity, 
B: filler content, C: stand off-distance, D: impingement angle and E: erodent size.  
 
The effects of control factors on erosion rate of composites with the four different 
fillers are shown in Figures 7.8a, b, c and d respectively.  
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Figure 7.8a. Effect of control factors on erosion rate (for flyash filled composites) 
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Table7.1a. Experimental design using L27 orthogonal array (for conventional fillers) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Expt. No. A B C D E Eralumina 
mg/kg 
S/N 
ratio(db) 
ErSiC 
mg/kg 
S/N 
ratio(db) 
1 32 0 120 30 300 309.83 -49.8225 309.83 -49.8225 
2 32 0 180 60 500 235.25 -47.4306 235.25 -47.4306 
3 32 0 240 90 800 315.19 -49.9714 315.19 -49.9714 
4 32 10 120 60 500 173.77 -44.7995 232.05 -47.3116 
5 32 10 180 90 800 264.94 -48.4630 269.67 -48.6167 
6 32 10 240 30 300 139.96 -42.9201 189.80 -45.5659 
7 32 20 120 90 800 289.48 -49.2324 253.40 -48.0761 
8 32 20 180 30 300 227.49 -47.1392 299.70 -49.5337 
9 32 20 240 60 500 197.88 -45.9280 173.28 -44.7750 
10 45 0 120 60 800 318.86 -50.0720 318.86 -50.0720 
11 45 0 180 90 300 349.80 -50.8764 349.80 -50.8764 
12 45 0 240 30 500 235.25 -47.4306 235.25 -47.4306 
13 45 10 120 90 300 174.94 -44.8578 247.93 -47.8866 
14 45 10 180 30 500 133.18 -42.4888 132.71 -42.4581 
15 45 10 240 60 800 172.78 -44.7499 212.63 -46.5525 
16 45 20 120 30 500 183.96 -45.2945 197.82 -45.9254 
17 45 20 180 60 800 287.83 -49.1827 288.68 -49.2083 
18 45 20 240 90 300 311.76 -49.8764 353.83 -50.9759 
19 58 0 120 90 500 395.10 -51.9341 395.10 -51.9341 
20 58 0 180 30 800 215.19 -46.6564 215.19 -46.6564 
21 58 0 240 60 300 239.89 -47.6002 239.89 -47.6002 
22 58 10 120 30 800 207.34 -46.7428 279.38 -48.9239 
23 58 10 180 60 300 259.79 -48.2924 293.76 -49.3599 
24 58 10 240 90 500 184.44 -45.3171 277.38 -48.8615 
25 58 20 120 60 300 282.68 -49.0259 299.80 -49.5366 
26 58 20 180 90 500 318.96 -50.0747 495.92 -53.9082 
27 58 20 240 30 800 305.88 -49.7110 280.63 -48.9627 
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Table 7.1b. Experimental design using L27 orthogonal array (for non-conventional 
                       fillers) 
 
 
 
Expt.  
No. 
A B C D E Erflyash 
mg/kg 
S/N 
ratio(db) 
ErCBPD 
mg/kg 
S/N 
ratio(db) 
1 32 0 120 30 300 309.830 -49.8225 309.830 -49.8225 
2 32 0 180 60 500 235.250 -47.4306 235.250 -47.4306 
3 32 0 240 90 800 315.190 -49.9714 315.190 -49.9714 
4 32 10 120 60 500 186.071 -45.3936 179.921 -45.1016 
5 32 10 180 90 800 272.790 -48.7166 228.865 -47.1916 
6 32 10 240 30 300 249.960 -47.9574 194.960 -45.7989 
7 32 20 120 90 800 387.980 -51.7762 338.730 -50.5971 
8 32 20 180 30 300 269.945 -48.6255 248.718 -47.9141 
9 32 20 240 60 500 161.479 -44.1623 179.680 -45.0900 
10 45 0 120 60 800 318.860 -50.0720 318.860 -50.0720 
11 45 0 180 90 300 349.800 -50.8764 349.800 -50.8764 
12 45 0 240 30 500 235.250 -47.4306 235.250 -47.4306 
13 45 10 120 90 300 239.760 -47.5955 207.350 -46.3341 
14 45 10 180 30 500 249.184 -47.9304 191.182 -45.6289 
15 45 10 240 60 800 238.230 -47.5399 205.505 -46.2564 
16 45 20 120 30 500 222.960 -46.9645 203.460 -46.1696 
17 45 20 180 60 800 330.380 -50.3803 309.105 -49.8021 
18 45 20 240 90 300 379.780 -51.5906 345.770 -50.7757 
19 58 0 120 90 500 395.100 -51.9341 395.100 -51.9341 
20 58 0 180 30 800 215.190 -46.6564 215.190 -46.6564 
21 58 0 240 60 300 239.890 -47.6002 239.890 -47.6002 
22 58 10 120 30 800 261.270 -48.3418 234.305 -47.3956 
23 58 10 180 60 300 319.760 -50.0965 289.775 -49.2412 
24 58 10 240 90 500 210.660 -46.4716 237.550 -47.5151 
25 58 20 120 60 300 349.640 -50.8724 316.160 -49.9981 
26 58 20 180 90 500 419.690 -52.4586 369.325 -51.3482 
27 58 20 240 30 800 368.010 -51.3172 336.945 -50.5512 
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Figure 7.8b. Effect of control factors on erosion rate (for Al2O3 filled composites) 
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Figure 7.8c. Effect of control factors on erosion rate (for SiC filled composites) 
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Figure 7.8d. Effect of control factors on erosion rate (for CBPD filled                           
                                   composites) 
 
The analysis of the result gives the combination of factors producing minimum wear 
rate of the composites. These combinations are found to be different for different 
filler materials. For flyash the factor combination of A1(impact velocity 32 m/sec), B2 
(flyash content 10%), C3 (stand off-distance 240mm), D2 (impingement angle 60
0) 
and E2(erodent size 500µm)gives minimum erosion rate while in case of alumina this 
is A1(impact velocity 32 m/sec), B2 (alumina content 10%), C3 (stand off-distance 
240mm), D1(impingement angle 30
0) and E2 (erodent size 500µm). Similarly, while 
the combination A2 (impact velocity 45 m/sec), B2 (SiC content 10%), C3 (stand off-
distance 240), D1(impingement angle 30
0) and E2(erodent size 500 µm)gives 
minimum erosion rate for SiC filler, for CBPD filler the combination is found to be 
A1(impact velocity 32m/sec),B2 (CBPD content 10%),C3 (stand off-distance 240mm), 
D1 (impingement angle 30
0) and E2 (erodent size 500µm). As far as minimization of 
erosion rate is concerned, factors A, B, D and E have significant effects on all the 
three different composites, whereas factor C has the least effect. It is observed from 
Figures 7.9a, b, c and d that the interactions between A×B show most significant 
effect on erosion rate whereas it can be considered from Figures 7.8a, b, c and d 
that interaction between A×C is less significant. Thus this analysis suggests that few 
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of the factors have individual effect and similarly, some of the interactions have 
combined effect on erosion rate. Although, these plots are indicators of the relative 
significance of various control factors and their interactions, this can be confirmed 
only after performing the analysis of variance (ANOVA).  
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Figure 7.9a. Interaction graph between A×B for erosion rate (for flyash filler) 
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Figure 7.9b. Interaction graph between A×B for erosion rate (for Al2O3 filler) 
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Figure 7.9c. Interaction graph between A×B for erosion rate (for SiC filler). 
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Figure 7.9d. Interaction graph between A×B for erosion rate (for CBPD filler) 
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7.5 Erosion efficiency 
The hardness alone is unable to provide sufficient correlation with erosion rate, 
largely because it determines only the volume displaced by each impact and not 
really the volume eroded. Thus a parameter which will reflect the efficiency with 
which the volume that is displaced is removed should be combined with hardness to 
obtain a better correlation. The erosion efficiency is obviously one such parameter. In 
case of a stream of particles impacting a surface normally (i.e. at α=900), the erosion 
efficiency (ηnormal) defined by Sundararajan et. al [254] is given as  
 
2
2
V
ErHv
normal ρ
η =                                                (7.1) 
But considering impact of erodent at any angle α to the surface, the actual erosion 
efficiency can be obtained by modifying Eq. (7.1) as  
αρ
η
22
2
SinV
ErHv
=                                                                                             (7.2)     
According to the theoretical erosion wear model presented in chapter-5, the non-
dimensional erosion wear rate of a composite material is given by  
Hv
SinV
E Crth
2
... 22 αηρ
=                                                                                              (7.3) 
where  
α  angle of impingement (degree) 
V impact velocity (m/sec) 
        Hv  hardness (N/m2) 
ρc density of composite (kg/m
3) 
ρ  density of erodent (kg/m3) 
η  erosion efficiency  
Er actual erosion wear rate (kg/kg) 
Erth theoretical erosion wear rate (kg/kg) 
 
The values of erosion efficiencies of composites under this study are calculated 
using Eq. (7.2) and are given in Table 7.2a, b along with their hardness values and 
operating conditions. It clearly shows that erosion efficiency is not exclusively a 
material property; but also depends on other operational variables such as 
impingement angle and impact velocity. The erosion efficiencies of these composites 
106 
under normal impact (ηnormal) vary from 3 to 6%, 6-9% and 9-12% for impact 
velocities 58m/sec, 45m/sec and 32m/sec respectively. The value of η for a particular 
impact velocity under oblique impact can be obtained simply by multiplying a factor 
1/Sin2α with ηnormal.  Similar observation on velocity dependence of erosion efficiency 
has previously been reported by few investigators [108]. 
 
Table 7.2a.  Erosion efficiency (η) of composites with different filler content and  
                     impact velocity (for conventional fillers). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Expt. No. Filler content    
(wt %) 
Impact velocity 
(m/sec) 
η 
    Al2O3 filling 
        ( %) 
η 
SiC filling         
(%) 
1 0 32 47.91894 47.9189 
2 0 32 10.49685 10.4968 
3 0 32 12.18698 12.1869 
4 10 32 8.26962 12.5889 
5 10 32 10.92578 12.6774 
6 10 32 23.08708 35.6908 
7 20 32 11.69854 13.1181 
8 20 32 36.77353 62.0599 
9 20 32 9.228278 10.3518 
10 0 45 7.194564 7.19456 
11 0 45 6.839407 6.83940 
12 0 45 18.39875 18.3987 
13 10 45 3.648120 5.89392 
14 10 45 11.10910 12.6194 
15 10 45 4.157950 5.83318 
16 20 45 15.03735 20.7142 
17 20 45 6.787811 8.72091 
18 20 45 6.371010 9.26262 
19 0 58 4.650233 4.65023 
20 0 58 10.13094 10.1309 
21 0 58 3.258259 3.25825 
22 10 58 10.41099 15.9918 
23 10 58 3.763373 4.85113 
24 10 58 2.315284 3.96935 
25 20 58 4.012895 5.45187 
26 20 58 3.923676 7.81484 
27 20 58 15.05109 17.6889 
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Table 7.2b.   Erosion efficiency (η) of composites with different filler content and 
                       impact velocity (for non-conventional fillers). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Expt. No. Filler content 
(wt %) 
Impact velocity 
(m/sec) 
η 
flyash filling 
( %) 
η 
CBPD filling 
( %) 
1 0 32 47.9189 47.91894 
2 0 32 12.1281 10.49685 
3 0 32 8.3204 12.18698 
4 10 32 12.0136 9.563229 
5 10 32 13.2095 10.54135 
6 10 32 48.4160 35.91885 
7 20 32 16.0798 13.78987 
8 20 32 44.7514 40.50175 
9 20 32 08.9233 8.441354 
10 0 45 08.3126 7.194564 
11 0 45 06.8394 6.839407 
12 0 45 18.3987 18.39875 
13 10 45 05.8709 4.82943 
14 10 45 24.4069 17.81143 
15 10 45 07.7780 5.523572 
16 20 45 18.6911 16.75408 
17 20 45 09.2321 7.343335 
18 20 45 07.9594 7.118178 
19 0 58 04.6502 4.650233 
20 0 58 10.1301 10.13094 
21 0 58 03.7646 3.258259 
22 10 58 15.4046 13.14021 
23 10 58 06.2844 4.688432 
24 10 58 03.1052 3.33055 
25 20 58 05.8813 4.5213 
26 20 58 05.2947 4.576772 
27 20 58 18.5710 16.70204 
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The theoretical erosion wear rates (Erth) of all the nine composites are calculated 
using Eq. 7.3. These values are compared with those obtained from experiments (Er) 
conducted under similar operating conditions. Tables 7.3a, b present a comparison 
between the theoretical and experimental results for the composites with different 
fillers. The errors in experimental results with respect to the theoretical ones lie in the 
range 0-10%.  The magnitude of η can be used to characterize the nature and 
mechanism of erosion. For example, ideal micro-ploughing involving just the 
displacement of the material from the crater without any fracture (and hence no 
erosion) will result in η=0. In contrast, if the material removal is by ideal micro-cutting, 
η=1.0 or 100%. If erosion occurs by lip or platelet formation and their fracture by 
repeated impact, as is usually in the case of ductile materials, the magnitude of η will 
be very low, i.e η ≤  100%. In the case of brittle materials, erosion occurs usually by 
spalling and removal of large chunks of materials resulting from the interlinking of 
lateral or radial cracks and thus η can be expected to be even greater than 100% 
[249]. The erosion efficiencies of the composites under the present study indicate 
that at low impact speed the erosion response is semi-ductile (η=10-100%). On the 
other hand at relatively higher impact velocity the composites exhibit ductile (η < 
10%) erosion behaviour [108].  
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Table 7.3a. Comparison of theoretical and experimental erosion results (for  
                              conventional fillers). 
 
Expt. No. Ertheo 
(alumina) 
mg/kg 
Erexpt. 
(alumina) 
mg/kg 
Error 
(alumina) 
(%) 
Ertheo 
(SiC) 
mg/kg 
Erexpt. 
(SiC) 
mg/kg 
Error 
(SiC) 
(%) 
1 290.42 309.83 6.68342 290.42 309.83 6.68342 
2 245.45 235.25 4.15563 245.45 235.25 4.15563 
3 314.49 315.19 0.22258 330.00 315.19 4.48787 
4 179.18 173.77 3.01931 252.00 232.05 7.91666 
5 269.46 264.94 1.67742 272.54 269.67 1.05305 
6 136.59 139.96 2.46724 186.37 189.80 1.84042 
7 288.48 289.48 0.34664 252.47 253.40 0.36836 
8 246.52 227.49 7.71945 307.18 299.70 2.43505 
9 206.34 197.88 4.10002 168.00 173.28 3.14286 
10 325.61 318.86 2.07303 325.61 318.86 2.07303 
11 356.87 349.80 1.98111 356.87 349.80 1.98111 
12 245.43 235.25 4.14782 258.00 235.25 8.81782 
13 182.16 174.94 3.96354 246.26 247.93 0.67815 
14 138.24 133.18 3.66030 136.56 132.71 2.81927 
15 186.37 172.78 7.29194 224.16 212.63 5.14364 
16 193.68 183.96 5.01858 206.49 197.82 4.19875 
17 298.47 287.83 3.56484 297.43 288.68 2.94186 
18 310.49 311.76 0.40903 352.74 353.83 0.30901 
19 407.11 395.10 2.95006 413.00 395.10 4.33414 
20 228.26 215.19 5.72592 228.26 215.19 5.72592 
21 246.19 239.89 2.55899 246.19 239.89 2.55899 
22 214.68 207.34 3.41904 288.76 279.38 3.24837 
23 276.82 259.79 6.15201 314.25 293.76 6.52028 
24 182.64 184.44 0.98555 275.89 277.38 0.54007 
25 296.46 282.68 4.64818 312.58 299.80 4.08855 
26 319.48 318.96 0.16276 494.39 495.92 0.30947 
27 307.91 305.88 0.65928 283.14 280.63 0.88648 
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Table 7.3b. Comparison of theoretical and experimental erosion results (for non-     
                    conventional fillers). 
 
Expt. No. Ertheo 
(flyash) 
mg/kg 
Erexpt. 
(flyash) 
mg/kg 
Error 
(flyash) 
(%) 
Ertheo 
(CBPD)  
 mg/kg 
Erexpt. 
(CBPD)  
mg/kg 
Error 
(CBPD)  
(%) 
1 290.43 309.830 6.67975 293.83 309.83 5.44533 
2 245.45 235.250 4.15563 223.609 235.25 5.20606 
3 226.34 215.190 4.92622 295.19 315.19 6.77532 
4 195.71 186.071 4.92514 168.834 179.921 6.56712 
5 282.84 272.790 3.55325 239.257 228.865 4.34340 
6 264.94 249.960 5.65411 206.368 194.960 5.52794 
7 394.12 387.980 1.55790 342.543 338.730 1.11320 
8 281.42 269.945 4.07754 263.266 248.718 5.52604 
9 178.58 161.479 9.57610 167.609 179.680 7.20162 
10 325.61 318.860 2.07303 299.500 318.860 6.46411 
11 356.88 349.800 1.98386 339.800 349.800 2.94291 
12 245.43 235.250 4.14782 225.250 235.250 4.43951 
13 249.45 239.760 3.88455 211.483 207.350 1.95420 
14 258.83 249.184 3.72677 202.369 191.182 5.52792 
15 242.16 238.230 1.62289 198.272 205.505 3.64797 
16 234.75 222.960 5.02236 215.361 203.460 5.52602 
17 339.37 330.380 2.64903 287.179 309.105 7.63496 
18 378.19 379.780 0.42040 355.995 345.770 2.87223 
19 407.20 395.100 2.97151 375.100 395.100 5.33191 
20 228.26 215.190 5.72593 205.190 215.190 4.87353 
21 246.19 239.890 2.55899 224.625 239.890 6.79587 
22 268.49 261.270 2.68911 243.015 234.305 3.58418 
23 332.80 319.760 3.91827 269.476 289.775 7.53297 
24 208.56 210.660 1.00690 241.450 237.550 1.61524 
25 352.17 349.640 0.71840 293.642 316.160 7.66845 
26 420.58 419.690 0.21161 376.928 369.325 2.01707 
27 369.54 368.010 6.67975 356.654 336.945 5.52603 
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For revalidation of the theoretical formulation for predictive purpose another 
prediction model based on ANN is employed and the results of both are compared. 
The neural network is constructed taking the experimental database generated 
during the erosion trials on the composites. Seventy five percent of data is used for 
training whereas twenty five percent data is used for testing. The parameters of three 
layer architecture of ANN model are set as: input nodes = 5, output node = 1, hidden 
nodes = 12, learning rate = 0.01, momentum parameter = 0.03, number of epochs = 
20, 0000 and a set of predicted output (ErANN) is obtained. Table 7.4a, b present a 
comparison between the theoretical and the ANN predicted results for both 
conventional and non-conventional fillers. The errors associated with each of the 
ANN predicted results with respect to the theoretical results are also given.  It is 
observed that errors between theoretical and experimental wear rates lie in the range 
of 0-10%, whereas the same between ANN prediction and theoretical wear rate lie in 
the range of 0-14%. The error in case of ANN model can further be reduced if 
number of test patterns is increased. The present study thus, demonstrates 
successful application of ANN for prediction of wear rate in a complex process like 
solid particle erosion of polymer composites.   
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Table 7.4a. Comparison of theoretical and ANN results (for conventional filler) 
 
 
Expt. 
No. 
Erth 
(mg/kg) 
Alumina 
EANN. 
(mg/kg) 
Alumina 
Error (%) 
Alumina 
Erth 
(mg/kg) 
SiC 
EANN. 
(mg/kg) 
SiC 
Error (%) 
SiC 
1 290.42 280.58 3.38819 290.42 261.85 9.83747 
2 245.45 235.89 3.89488 245.45 263.41 7.31717 
3 314.49 293.57 6.65204 330.00 299.44 9.26060 
4 179.18 156.94 12.41210 252.00 262.44 4.14286 
5 269.46 280.78 4.20099 272.54 294.55 8.07588 
6 136.59 143.28 4.89780 186.37 165.12 11.40205 
7 288.48 257.66 10.68358 252.47 234.14 7.26026 
8 246.52 236.48 4.07269 307.18 281.13 8.48037 
9 206.34 209.46 1.51207 168.00 147.02 12.4881 
10 325.61 283.62 12.89580 325.61 318.22 2.26958 
11 356.87 326.27 8.57455 356.87 350.24 1.85781 
12 245.43 229.61 6.44583 258.00 243.16 5.75193 
13 182.16 201.05 10.37000 246.26 275.84 12.01170 
14 138.24 144.53 4.55006 136.56 146.57 7.33011 
15 186.37 210.54 12.96880 224.16 241.52 7.74447 
16 193.68 214.48 10.73940 206.49 221.31 7.17710 
17 298.47 267.77 10.28579 297.43 291.04 2.14840 
18 310.49 273.75 11.83291 352.74 325.09 7.83863 
19 407.11 364.55 10.45418 413.00 366.99 11.14040 
20 228.26 209.07 8.40708 228.26 255.90 12.10900 
21 246.19 220.12 10.58938 246.19 269.68 9.54141 
22 214.68 232.78   8.43115 288.76 279.11 3.34187 
23 276.82 254.57 8.03770 314.25 307.13 2.26571 
24 182.64 179.20 1.88348 275.89 289.32 4.86788 
25 296.46 297.85   0.46887 312.58 352.38 12.73270 
26 319.48 319.99 0.15963 494.39 468.29 5.27923 
27 307.91 299.90 2.60141 283.14 247.94 12.43200 
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Table 7.4b. Comparison of theoretical and ANN results (for non-conventional filler) 
 
 
 
 
Expt. No. Erth 
(mg/kg) 
flyash 
EANN. 
(mg/kg) 
flyash 
Error 
 (%) 
flyash 
Erth 
(mg/kg) 
CBPD 
EANN. 
(mg/kg) 
CBPD 
Error  
(%) 
CBPD 
1 290.43 256.74 11.6000 293.830 259.295 11.75330 
2 245.45 266.20 8.45386 223.609 249.805 11.71510 
3 226.34 237.41 4.89087 295.190 268.425 9.06704 
4 195.71 198.62 1.48689 168.834 185.530 9.88900 
5 282.84 279.91 1.03592 239.257 272.230 13.78140 
6 264.94 247.48 6.59017 206.368 206.300 0.03295 
7 394.12 387.38 1.71013 342.543 310.760 9.27854 
8 281.42 284.13 0.96297 263.266 282.630 7.35530 
9 178.58 169.57 5.04535 167.609 158.295 5.55698 
10 325.61 321.57 1.24074 299.500 319.895 6.80968 
11 356.88 347.94 2.50504 339.800 349.090 2.733960 
12 245.43 241.66 1.53608 225.250 242.410 7.61820 
13 249.45 240.52 3.57987 211.483 238.180 12.62370 
14 258.83 239.72 7.38322 202.369 193.145 4.55801 
15 242.16 229.88 5.07102 198.272 225.700 13.83350 
16 234.75 248.80 5.98509 215.361 235.055 9.14465 
17 339.37 322.70 4.91204 287.179 306.870 6.85670 
18 378.19 364.88 3.51939 355.995 344.985 3.09274 
19 407.20 385.10 5.42731 375.100 376.045 0.25193 
20 228.26 225.78 1.08648 205.190 230.840 12.50060 
21 246.19 238.63 3.07079 224.625 254.155 13.14640 
22 268.49 255.94 4.67429 243.015 267.525 10.08580 
23 332.80 289.02 13.15505 269.476 298.075 10.61280 
24 208.56 228.69 9.65190 241.450 259.005 7.27066 
25 352.17 332.50 5.58537 293.642 332.440 13.21270 
26 420.58 365.25 13.15564 376.928 416.770 10.57020 
27 369.54 333.68 9.70395 356.654 310.810 12.85391 
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7.6 ANOVA and the effects of factors 
In order to find out statistical significance of various factors like impact velocity (A), 
filler content (B), stand-off distance (C), impingement angle (D) and erodent size (E) 
and their interactions on erosion rate, analysis of variance (ANOVA) is performed on 
experimental data. Tables 7.5a, b, c and d show the results of the ANOVA with the 
erosion rate. This analysis is undertaken for a level of confidence of significance of 
5%. The last column of each table indicates p-value for the individual control factors 
and their possible interactions. It is known that smaller is the p-value, greater is the 
significance of the factor/interaction corresponding to it [261].  
 
The ANOVA results for flyash filled glass fiber polyester composites (Table 7.5a), 
indicate that, the flyash content (p=0.083), impingement angle (p= 0.091), erodent 
size (p=0.274) and impact velocity (p=0.367), in this order, are significant control 
factors affecting the erosion rate. It means, the filler content is the most significant 
factor and the stand-off distance with a p-value of 0.518 has negligible influence on 
the performance output. Between the two possible interactions, the interaction of 
impact velocity× flyash content (p=0.608) has greater contribution on the erosion rate 
compared to the interaction of impact velocity×stand-off distance (p=0.678).  
 
Similarly, in case of alumina filled glass-polyester composites (Table 7.5b), alumina 
content (p=0.002), impingement angle (p= 0.025), erodent size (p=0.146) and impact 
velocity (p=0.256) have greater influence on erosion rate while between the 
interactions, the impact velocity×alumina content (p=0.354) shows significant 
contribution. Again in Table 7.5c, for the SiC filled glass-polyester composites, the 
following factors show significant effect on erosion rate. Erodent size (p=0.146), SiC 
content (p=0.131), impact velocity (p=0.171) and impingement angle (p= 0.409). The 
interaction of impact velocity×  SiC content (p=0.354) also shows remarkable 
contribution on the erosion rate. From Table 7.5d, for CBPD filled composites, it is 
noted that, the CBPD content (p=0.015), impingement angle (p=0.039), erodent size 
(p = 0.174) and impact velocity (p=0.219), in this sequence, significantly influence 
the erosion rate. The interaction of impact velocity×  CBPD content (p=0.419) is 
found to have relatively more significant contribution on the erosion rate compared to 
the remaining factor and interaction. It is interesting to note that, all the particulate 
fillers (with the exception of SiC) show similar trend in regard to the order of 
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significant control factors affecting their erosion rate. Moreover, for all the 
composites, including even the SiC filled ones, the stand-off-distance and its 
interaction with impact velocity are found to be the factor and interaction respectively, 
with the least significance as far as solid particle erosion of  these hybrid composites 
are concerned.  
 
Table 7.5a. ANOVA table for erosion rate (for flyash filled composites) 
 
Source DF Seq SS Adj SS Adj MS F p 
A 2 8510 8510 4255 1.14 0.367 
B 2 24589 24589 12294 3.29 0.083 
C 2 5336 5336 2668 0.71 0.518 
D 2 25800 25800 12900 3.45 0.091 
E 2 11411 11411 5705 1.53 0.274 
A*B 4 10599 10599 2650 0.71 0.608 
A*C 4 8846 8846 2212 0.59 0.678 
Error 8 29881 29881 3735  
Total 26 124973  
                     
                   DF: degree of freedom; Seq.SS: sequential sum of squares; AdjSS: extra sum of squares; 
                       Adj MS: extra mean squares; p: level of significance 
 
Table 7.5b.  ANOVA table for erosion rate (for Al2O3 filled composites) 
 
 
 
 
 
 
 
      
 
 
 
 
                        DF: degree of freedom; Seq.SS: sequential sum of squares; AdjSS: extra sum of squares; 
                        Adj MS: extra mean squares; p: level of significance 
 
 
Source DF Seq SS Adj SS Adj MS F p 
A 2 7.580    7.580    3.790    1.62   0.256 
B 2 68.885   68.885   34.442   14.75  0.002 
C 2 4.455    4.455    2.228    0.95   0.425 
D 2 28.269   28.269   14.134    6.05   0.025 
E 2 11.548   11.548   5.774    2.47   0.146 
A*B 4 11.968   11.968   2.992    1.28   0.354 
A*C 4 5.705    5.705    1.426    0.61   0.667 
Error 8 18.685   18.685   2.336  
Total 26 157.095  
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Table 7.5c. ANOVA table for erosion rate (for SiC filled composites) 
 
Source DF Seq SS Adj SS Adj MS F p 
A 2 15.576   15.576   7.788   2.22   0.171 
B 2 18.563   18.563   9.282   2.65   0.131 
C 2 4.943    4.943    2.471   0.70   0.523 
D 2 40.043   40.043   20.022   5.71   0.029 
E 2 7.027    7.027    3.514   1.00   0.409 
A*B 4 19.899   19.899   4.975   1.42   0.312 
A*C 4 6.819    6.819    1.705   0.49   0.747 
Error 8 28.073   28.073   3.509  
Total 26 140.942  
       
       DF: degree of freedom; Seq.SS: sequential sum of squares; AdjSS: extra sum of squares; 
                      Adj MS: extra mean squares; p: level of significance 
 
Table 7.5d. ANOVA table for erosion rate (for CBPD filled composites) 
 
Source DF Seq SS Adj SS Adj MS F p 
A 2 8.607    8.607    4.304   1.85   0.219 
B 2 34.433   34.433   17.216   7.38   0.015 
C 2 2.563    2.563    1.282   0.55   0.598 
D 2 23.428   23.428   11.714   5.02   0.039 
E 2 10.230   10.230   5.115   2.19   0.174 
A*B 4 10.256   10.256   2.564   1.10   0.419 
A*C 4 5.722    5.722    1.431   0.61   0.665 
Error 8 18.660   18.660   2.332  
Total 26 113.899  
                     
                       DF: degree of freedom; Seq.SS: sequential sum of squares; AdjSS: extra sum of squares; 
                       Adj MS: extra mean squares; p: level of significance 
 
7.7 Confirmation experiment 
The optimal combination of control factors has been determined in the previous 
analysis. However, the final step in any design of experiment approach is to predict 
and verify improvements in observed values through the use of the optimal 
combination level of control factors. The confirmation experiment is performed by 
taking an arbitrary set of factor combination A2B3D1E3 for flyash filling, A1B3D2E3 for 
alumina filling, A1B3D2E3 for SiC filling and A2B3D2E1 for CBPD filling, but the factor C 
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has been intentionally omitted for all the cases because factor C and interaction A×C 
have the least effect on erosion rate as evident from Table 7.5a, b, c and d. The 
estimated S/N ratios for the composites with the three different fillers, the erosion 
rates can be calculated with the help of following prediction equations: 
( )TETDTBTATBATBTATflyash −+−+−−−−−+−+−+= 31323232 )()]()()[()()(ηˆ (7.4)    
( )TETDTBTATBATBTATaalu −+−+−−−−−+−+−+= 32313131min )()]()()[()()(ηˆ (7.5) 
( )TETDTBTATBATBTATSiC −+−+−−−−−+−+−+= 32313131 )()]()()[()()(ηˆ    (7.6) 
( )TETDTBTATBATBTATCBPD −+−+−−−−−+−+−+= 12323232 )()]()()[()()(ηˆ   (7.7) 
where, 
CBPDSiCaaluflyash andηηηη ˆˆ,ˆ,ˆ min   Predicted average 
T                                   Overall experimental average 
3121321 ,,,,, EandEDDBAA   Mean response for factors and interactions at designated 
levels. 
 
The calculated predicted average values are compared with the experimental results 
for all the four test cases and the error associated with each set is determined, as 
shown in Table 7.6.The percentage errors are within the tolerance limit and therefore 
the model is considered to be capable of predicting erosion rate to a reasonable 
accuracy.  However, the error can be further reduced if the number of measurements 
is increased. This validates the development of the mathematical model for 
predicting the measures of performance based on knowledge of the input 
parameters. 
 
Table 7.6. Results of the confirmation experiments for erosion rate of the composites           
                    (with particulate fillers) 
 
 
 
Type of filler 
Optimal control 
factor settings 
S/N ratio 
Predictive 
values (dB) 
S/N ratio 
Experimental 
values (dB) 
Error 
(%) 
1. Flyash A2B3D1E3 -51.4966 -48.4788 5.86 
2. Alumina A1B3D2E3 -47.9446 -45.6864 4.71 
3. Silicon Carbide A1B3D2E3 -47.0984 -48.4788 2.84 
4. CBPD A2B3D2E1 -48.8363 -47.0586 3.63 
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7.8 Factor settings for minimum erosion rate 
 
In this study, an attempt is made to derive optimal settings of the control factors for 
minimization of erosion rate. The single-objective optimization requires quantitative 
determination of the relationship between erosion rates with combination of control 
factors. In order to express, erosion rate in terms of mathematical model in the 
following form is suggested. 
 
BAKEKDKBKAKKEr ××+×+×+×+×+= 543210                                          (7.8)                                                                                                                                                                                             
 
Here, Er is the performance output terms and Ki (i = 0, 1………..5) are the model 
constants. The constant are calculated using non-linear regression analysis with the 
help of SYSTAT 7.0 software and the following relations are obtained for all the three 
composites.  
 
BAEDBAEr flyash ××+×+×+×−×−= 581.0022.0234.0378.0060.0522.0              r
2=0.96                            
BAEDBAEr aalu ××+×+×+×−×−= 382.0053.0273.0355.0031.0467.0min              r
2=0.95                   
BAEDBAErSiC ××+×−×+×−×−= 540.0047.0275.0412.0021.0413.0               r
2=0.96  
BAEDBAErCBPD ××+×+×+×−×+= 534.0018.0279.0404.0003.0520.0               r
2=0.97                   
 
The correctness of the calculated constants is confirmed as high correlation 
coefficients (r2) in the range of 0.95 to 0.97 are obtained for Eq. (7.8) and therefore, 
the models are quite suitable to use for further analysis. Here, the resultant objective 
function to be maximized is given as: 
 
Maximize    Z =1/ f                                                (7.9)
         f                Normalized function for erosion rate        
                                                                         
Subjected to constraints: 
                      Amin <    A   <  Amax                                                                           (7.10) 
           Bmin <    B   <  Bmax                                              (7.11) 
                      Dmin <    D   <  Dmax                                             (7.12) 
                      Emin <    E   <   Emax                                      (7.13)                                                  
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The min and max in Eqs.7.10-7.13 shows the lowest and highest control factors 
settings (control factors) used in this study (Table 3.4). Genetic algorithm (GA) is 
used to obtain the optimum value for single-objective outputs to optimize the single-
objective function. The computational algorithm is implemented in Turbo C++ and run 
on an IBM Pentium IV machine. Genetic algorithms (GAs) are mathematical 
optimization techniques that simulate a natural evolution process. They are based on 
the Darwinian Theory, in which the fittest species survives and propagate while the 
less successful tend to disappear. Genetic algorithm mainly depends on three types 
of operator’s viz., reproduction, crossover and mutation. Reproduction is 
accomplished by copying the best individuals from one generation to the next, what 
is often called an elitist strategy. The best solution is monotonically improving from 
one generation to the next. The selected parents are submitted to the crossover 
operator to produce one or two children. The crossover is carried out with an 
assigned probability, which is generally rather high. If a number randomly sampled is 
inferior to the probability, the crossover is performed. The genetic mutation 
introduces diversity in the population by an occasional random replacement of the 
individuals. The mutation is performed based on an assigned probability. A random 
number is used to determine if a new individual will be produced to substitute the one 
generated by crossover. The mutation procedure consists of replacing one of the 
decision variable values of an individual while keeping the remaining variables 
unchanged. The replaced variable is randomly chosen and its new value is 
calculated by randomly sampling within its specific range. In genetic optimization, 
population size, probability of crossover and mutation are set at 50, 75 %, and 5 % 
respectively for all the cases. Number of generation is varied till the output is 
converted. Table 7.6 shows the optimum conditions of the control factors with the 
optimum performance output i.e. the minimum erosion rate for composites with 
different filler materials. The pattern of convergence of performance output with 
number of generations is shown in Figures 7.10a, b, c and d. 
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Table 7.7. Optimum conditions for performance output of the composites (with fillers) 
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Figure 7.10a. Convergence Curve (for flyash filled composites) 
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Figure 7.10b. Convergence Curve (for Al2O3 filled composites) 
Optimum conditions  
 
Type of filler Impact 
velocity 
A (m/sec) 
Filler 
content  
B (wt %) 
Impingement 
angle 
D (degree) 
Erodent 
size 
E (µm) 
Erosion 
rate Er 
(mg/kg) 
1. Flyash 32.31 19.90 47.16 518.40 239.84 
2. Alumina 56.89 11.82 61.56 788.00 271.83 
3. Silicon Carbide 57.07 18.26 88.11 444.80 368.96 
4. CBPD 44.23 19.01 56.28 618.00 263.47 
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Figure 7.10c. Convergence Curve (for SiC filled composites) 
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Figure 7.10d. Convergence Curve (for CBPD filled composites) 
 
Chapter summary: 
Based on the research presented in this chapter the following conclusions are drawn:  
1. Multi-component hybrid composites consisting of isophthalic polyester 
reinforced with glass fiber and filled with particulate fillers such as flyash, 
Al2O3, SiC and CBPD possess fairly good potential for application in erosive 
environment.  
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2. Erosion characteristics of these composites can be successfully analyzed 
using Taguchi experimental design scheme.  
3. The erosion wear performance of glass polyester composites improves with 
the incorporation of particulate fillers. Among all the materials chosen for this 
study, Al2O3 is found to be the filler imparting the maximum enhancement in 
the erosion resistance of the composite. The wear rates in case of flyash, SiC 
and CBPD filled composites are relatively higher than their alumina filled 
counterpart under similar test conditions.    
4. The erosion efficiency (η), in general, characterizes the wear mechanism of 
composites. All these particulate filled composites exhibit semi-ductile erosion 
response (η =10-60%) for low impact velocities and ductile erosion response 
(η < 10%) for relatively high impact velocity. A study on the dependence of 
erosion wear on impingement angle also reveals their semi-ductile nature as 
the peak erosion rate is found to be occurring at 600 impingement angle for all 
the composites except the SiC filled ones where it has shifted to an angle of 
750.  
5. Factors like filler content, impingement angle, erodent size and impact velocity 
are found out to be the significant control factors affecting the erosion rate. 
The stand-off distance is identified as the least significant parameter as far as 
the wear of such composites is concerned.   
 
The next chapter presents the executive summary and conclusions along with 
recommendations for future work.  
 
 
******* 
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Chapter 8 
EXECUTIVE SUMMARY AND CONCLUSIONS  
                                                                                                                                
Introduction  
The research reported in this thesis consists of two parts: the first part has provided 
the description of the experimental program and has presented the mechanical 
characteristics of the hybrid composites under this study and the second part has 
reported the effect of different ceramic fillers on the solid particle erosion 
characteristics of these glass-polyester composites. Two industrial wastes (flyash 
and cement by-pass dust), rich in metal oxides and two conventional ceramic 
powders (Al2O3 and SiC) have been used as the filler materials.    
 
8.1 Summary of findings  
By incorporating these particulate fillers into the glass-fiber reinforced polyester, 
synergistic effects, as expected were achieved in the form of modified mechanical 
properties and improved erosion wear resistance. Inclusion of glass fiber in neat 
polyester improved the load bearing capacity (tensile strength) and the ability to 
withstand bending (flexural strength) of the composites. But with the incorporation of 
particulate fillers, the tensile strengths of the composites were found to be less.  
There can be two reasons for this decline in tensile strength of these particulate filled 
composites compared to the unfilled one. One possibility is that the chemical 
reaction at the interface between the filler particles and the matrix may be too weak 
to transfer the tensile stress; the other is that the corner points of the irregular 
shaped particulates result in stress concentration in the polyester matrix.   
 
Hardness values have been found to have marginally improved for most of the 
particulate filled composites. The reduction in tensile strength and the improvement 
in hardness with the incorporation of fillers can be explained as follows: under the 
action of a tensile force the filler-matrix interface is vulnerable to debonding 
depending on interfacial bond strength and this may lead to a break in the 
composite. But in case of hardness test, a compression or pressing stress is in 
action. So the polymeric matrix phase and the solid filler phase would be pressed 
together and touch each other more tightly. Thus, the interface can transfer pressure 
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more effectively although the interfacial bond may be poor. This might have resulted 
in an enhancement of hardness.  
 
High strain rates or impact loads may be expected in many engineering applications 
of composite materials. The suitability of a composite for such applications should 
therefore be determined not only by usual design parameters, but by its impact or 
energy absorbing properties. Thus it is important to have a good understanding of 
the impact behavior of composites for both safe and efficient design of structures and 
to develop new composites having good impact properties. The results of impact 
tests in the present study reveal that the addition of the ceramic fillers has enhanced 
the impact strength of all the composite samples and the maximum improvement 
was recorded for the composites with cement by-pass dust (CBPD) filling. This 
establishes CBPD as a promising filler material. 
  
The presence of pores and voids in the composite structure significantly affect some 
of the mechanical properties and even the performance of the composites. Higher 
void contents usually mean lower fatigue resistance, greater susceptibility to water 
penetration and weathering. However, presence of void is unavoidable in composite 
making particularly through hand-lay-up route. In the present investigation, it was 
noticed that the composites with particulate fillers have higher void fraction compared 
to the unfilled glass polyester composites. Among the particulate filled composites, 
least values of void content are recorded for composites with cement by-pass dust 
filling and this finding further supports the candidature of CBPD as potential filler in 
future hybrid composites.    
 
The possible wear mechanism during solid particle erosion of glass-fibre reinforced 
polyester composites, as evident from test results and scanning electron microscopy,   
can be characterized as follows.  
 
• First, there is local removal of resin material from the impacted surface which 
results in exposure of the fibres to the erosive environment. 
• Sand particles impact on the fibres and cause fibres to break because of the 
formation of cracks perpendicular to their length. These cracks are 
presumably caused by fibre-bending stresses due to the impact of erodent 
particles on the unsupported fibers. 
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• Further damage results when the interfaces between the broken fibers and 
the matrix resin are degraded until the fibers are removed by subsequent 
impacts.  
 
The erosion wear rates of particulate filled glass-polyester composites are found to 
be lower than those of the unfilled glass-polyester composites under similar test 
conditions. This has led to the conclusion that the presence of ceramic fillers 
improves the erosion wear resistance of fiber reinforced polyester. The reduction in 
material loss in these particulate filled composites can be attributed to two reasons. 
One is the improvement in the bulk hardness of the composite with addition of these 
hard ceramic particles. Secondly, during the erosion process, the filler particles 
absorb a good part of the kinetic energy associated with the erodent. This results in 
less amount of energy being available to be absorbed by the matrix body and the 
reinforcing glass fiber phase. These two factors together lead to the enhancement of 
erosion wear resistance of the composites. This study thus, shows that the filler 
content in the composite is significant in combating erosive wear.  
 
The erosion wear rates of the composites were found to be dependent on the 
impingement angle. The findings of this research further suggest that, this 
dependency is also influenced by the nature of the filler material. In fact, the angle of 
impact determines the relative magnitude of the two components of the impact 
velocity namely, the component normal to the surface and parallel to the surface. 
The normal component will determine how long the impact will last (i.e. contact time) 
and the load. The product of this contact time and the tangential (parallel) velocity 
component determines the amount of sliding that takes place. The tangential velocity 
component also provides a shear loading to the surface, which is in addition to the 
normal load that the normal velocity component causes. Hence, as this angle 
changes the amount of sliding that takes place also changes the nature and 
magnitude of the stress system. Both of these aspects influence the way a 
composite wears out. This study therefore implies that composites with fillers of 
different type and content would exhibit different angular dependency.  
 
8.2 Contribution of the research work 
This analytical and experimental investigation on glass-polyester composites (with 
and without particulate fillers) has led to the following specific conclusions: 
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1. Successful fabrication of multi-component hybrid glass-polyester composites 
with reinforcement of ceramic fillers such as Al2O3 and SiC is possible. 
Industrial wastes like flyash and cement by-pass dust (CBPD) can also be 
gainfully utilized as fillers.   
2. Incorporation of these fillers modifies the tensile, flexural, impact and inter-
laminar shear strengths of the glass polyester composites. The micro-
hardness and density of the composites are also greatly influenced by the 
type and content of fillers. Hence, while fabricating a composite of specific 
requirements, there is a need for the choice of appropriate filler material and 
for optimizing its content in the composite system.       
3. A theoretical model based on conservation of particle kinetic energy during 
multiple impact erosion process has been developed. To overcome the 
shortcomings of the existing theoretical models, an ‘erosion efficiency’ term 
has been introduced. It is demonstrated that if supported by an appropriate 
magnitude of erosion efficiency, the model can perform well for polymer 
based hybrid composites for normal as well as oblique impacts.  
4. The unfilled glass polyester composite has a strength of 349.6 MPa in tension 
and it may be seen from Table 4.2 that this value drops to 304.5 MPa and 
279.4 MPa with addition of 10 wt% and 20 wt% of flyash respectively. Among 
the four fillers taken in this study, the inclusion of alumina causes maximum 
reduction in the composite strength.    
5. It is interesting to note that composites C2 (Polyester +50wt% glass fiber + 
10wt% flyash),C4 (Polyester +50wt% glass fiber +10wt% Alumina) and C8 
(Polyester +50wt% glass fiber +10wt% CBPD) with addition of small amount 
(10 wt%) of fly ash, alumina and CBPD exhibited improved flexural strength 
compared to the unfilled glass-polyester composite C1(Polyester +50wt% 
glass fiber) from 368 MPa to 463.34MPa. But for the composite samples 
(C3,C5 and C9)  with  20 wt% of these fillers   lower values of the flexural 
strength are recorded. However, this trend is not found in the composites (C6 
and C7) with silicon carbide particles, where the flexural strength of the glass-
polyester system declines monotonically with filler content from 309.2MPa to 
353.8MPa.  
6. Significant control factors affecting the erosion rate have been identified 
through successful implementation of analysis of variance (ANOVA). Filler 
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content, impingement angle, erodent size and impact velocity in declining 
sequence are found to be significant for minimizing the erosion rate of all the 
particulate filled composites except the ones with SiC filling. In the SiC filled 
composite impingement angle emerged as the most significant control factor 
followed by filler content, impact velocity and erodent size. 
7. The presence of particulate fillers in these composites improves their erosion 
wear resistance and this improvement depends on the type and content of 
the fillers. Among the four different fillers taken in this work, Al2O3 is found to 
be the best one as far as the improvement in the wear performance of the 
composites is concerned.    
8. Significant control factors affecting the erosion rate have been identified 
through successful implementation of analysis of variance (ANOVA). Filler 
content, impingement angle, erodent size and impact velocity in declining 
sequence are found to be significant for minimizing the erosion rate of all the 
particulate filled composites except the ones with SiC filling. In the SiC filled 
composite impingement angle emerged as the most significant control factor 
followed by filler content, impact velocity and erodent size. 
9. The erosion efficiency (η), in general, characterizes the wear mechanism of 
composites. All these particulate filled composites exhibit semi-ductile erosion 
response (η =10-60%) for low impact velocities and ductile erosion response 
(η < 10%) for relatively high impact velocity. A study on the dependence of 
erosion wear on impingement angle also reveals their semi-ductile nature as 
the peak erosion rate is found to be occurring at 600 impingement angle for 
all the composites except the SiC filled ones where it has shifted to an angle 
of 750.  
10. It is demonstrated that two predictive models; one based on ANN and the 
other on Taguchi approach well reflect the effects of various factors on the 
erosion loss.   
11. Optimal factor settings for minimum wear rate of any composite can be 
determined using an effective technique based on genetic algorithm. The 
rationale behind the use of genetic algorithm lies in the fact that it has the 
capability to find the global optimal parameter settings, whereas the 
traditional optimization techniques are normally stuck up at the local optimum 
values.  
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8.3 Recommendations  
Composite materials show excellent performance, these days, starting from 
manufacturing point of view to sports goods. It is due to their light weight, high 
stiffness-to-weight and strength-to-weight ratios, and potentially high resistance to 
environmental degradation, resulting in lower life-cycle costs.   
 
The particulate filled glass-fiber reinforced hybrid composites fabricated and 
experimented upon in this investigation are found to have adequate potential for a 
wide variety of applications particularly in erosive environment. When solid particle 
erosion is not the predominant degrading factor, only glass-fiber polyester 
composites without any particulate filler can be recommended. Manufacturing of light 
weight sports goods such as: cricket bat, tennis racquets etc. is one such example. 
Of course, the weight fraction of fiber in the composite is to be decided from the view 
point of required strength. 
 
If the place of use is erosive in nature, then particulate filled glass-fiber reinforced 
composite is to be preferred due to their reasonably high erosion resistance. The 
present study has established that Al2O3 and SiC can be excellent candidates as 
particulate fillers in hybrid composites. Their use may be suggested in applications 
like engineering structures in dusty environment and low cost building materials in 
deserts. The type and content of fillers are to be decided judiciously keeping the 
strength and intensity of erosion attack in mind. However, when cost reduction is the 
prime consideration, industrial wastes like flyash and cement by-pass dust can 
effectively replace the conventional and relatively expensive materials like Al2O3 and 
SiC. Use of all these composites, in general, may also be recommended for 
applications like partition boards, false ceilings, pipe lines carrying coal dust, exhaust 
fan blades, nozzles and diffusers, light weight vehicles etc.    
 
Scope for future work 
The present work leaves a wide scope for future investigators to explore many other 
aspects of particulate filled FRP composites. Some recommendations for future 
research include:   
• The response of these composites to other wear modes such as sliding and 
abrasion.   
• Possible use of other ceramic/metallic fillers, polymeric resins other than 
polyester and natural fibers in the development of new hybrid composites. 
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